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"  Test  information  and  analytical  results  for  a  variety  of  wall  geometries  sub¬ 
jected  to  blast  loads,  and  for  short  statically  loaded  beams  are  presented  in  Vol¬ 
ume  1.  Volumes  2  and  3  contain  digitized  gage  data  taken  from  tests  with  nonfail¬ 
ing  solid  walls,  walls  with  doors,  and  walls  with  windows.  (Volumes  2  and  3  are 
available  for  review  at  DCPA  Headquarters.)  The  reported  results  contained  in  Vol¬ 
ume  1  are  as  follows. 

Non-preloaded  solid  walls  tested  stronger  than  predicted.  Preloading  with  the 
equivalent  of  one  or  two  stories  added  only  10  to  20  percent  to  wall  strength. 

Walls  with  doorways  and  with  windows  behaved  as  predicted,  with  concrete  block 
walls  being  very  weak  comparatively.  Interior  walls  of  hollow  clay  tile  and  con¬ 
crete  block  failed  at  very  low  overpressures. 
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Summary  Report 

SHOCK  TUNNEL  TESTS  OF  WALL  PANELS 

OBJECTIVES  AND  SCOPE  OF  THE  REPORT 

The  overall  objective  of  the  program  under  which  the  work  described  in 
this  report  was  carried  out  is  to  determine  the  failure  mechanisms  under  blast 
loadings  of  full-scale  exterior  and  interior  wall  panels.  Work  to  the  date  of 
this  report  has  been  concentrated  on  panels  of  "brittle"  materials  (non^e in- 
forced  brick,  concrete  block,  and  clay  tile)  and  on  evaluating  the  importance 
of  wall  geometries  (i.e.,  whether  doors  or  windows  are  present  or  absent);  of 
wall  mountings  (whether  the  wall  is  supported  as  a  beam  or  a  plate);  of  wall 
preload  (whether  the  wall  is  loaded  vertically  by  upper  stories  in  a  building); 
and  of  material  properties. 

This  report  contains  test  information,  test  data,  and  analytical  work  on 
a  variety  of  test  geometries.  The  majority  of  data  were  taken  during  so-called 
loading  studies,  tests  in  which  the  walls  exposed  to  the  blast  were  designed 

not  to  fail  and  were  instrumented  with  pressure  gages.  Digitized  gage  records 

* 

from  these  tests  are  presented  in  Volumes  2  and  3  of  this  report ,  with  Volume 
2  containing  data  on  solid  walls  and  exterior  walls  with  doors,  and  Volume  3, 
data  on  exterior  walls  with  windows. 

Volume  1  of  this  report  contains  information  on  four  different  test  geom¬ 
etries,  as  well  as  information  on  the  static  test  program  which  is  concerned 
with  determining  properties  of  the  materials  used  in  the  tests.  The  four  ge¬ 
ometries  reported  on  are: 

•  Exterior  solid  walls,  both  with  and  without  preload. 

•  Exterior  walls  with  a  doorway. 


Only  a  limited  number  of  Volumes  2  and  3  were  prepared.  They  are  available 
for  study  in  the  Shelter  Research  Division  at  the  Defense  Civil  Prepared¬ 
ness  Agency. 
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•  Exterior  walls  with  a  window  (two  window  sizes  were  studied). 

«  Interior  walls  in  a  room  with  a  window. 

The  first  three  geometries  did  not  include  a  second  wall  behind  the  exterior 
wall  (as  in  a  room)  and  thus  are,  in  effect,  "infinite  rooms."  (Data  taken  in 
finite  room  geometries  will  be  presented  in  later  reports.)  For  exterior  walls 
with  doors  and  windows  the  "net  loading"  results  from  loading  study  tests  are 
presented  graphically.  (Net  loading  results  are  from  pairs  of  gages  on  the 
front  —  upstream  —  and  the  back  -  downstream  —  sides  of  each  wall.  Overpres¬ 
sures  from  these  gages  have  been  differenced  electronically  to  produce  a  trace 
which  shows  the  net  overpressure  in  the  direction  of  shock  wave  motion  at  the 
location  on  the  wall  of  each  gage  pair.) 

For  exterior  solid  walls  and  interior  walls  behind  walls  with  windows, 
the  graphical  presentation  of  loading  study  results  is  of  "average  loadings" 
(overpressures  from  three  or  more  gages  located  at  about  mid-height  and  at 
different  horizontal  positions  on  the  walls). 

For  all  test  geometries  a  graph  of  displacement  vs  time  of  the  center  of 
failing  walls  is  given.  A  summary  of  the  results  presented  in  each  section  of 
the  report  follows. 

GENERAL  RESULTS 

Solid  Walls 


Analytical  predictions  for  non-preloaded ,  12-in.  thick  walls,  mounted  as 
beams  (i.e. ,  supported  at  the  top  and  bottom  only)  indicated  that  the  expected 
rupture  modulus  with  static  loading  was  about  117  psi,  from  which  the  expected 
loading  pressure  to  cause  failure  would  be  about  1.42  psi.  With  a  dynamic 
overload  of  about  3:1,  the  expected  rupture  modulus  was  about  164  psi,  corres¬ 
ponding  to  a  loading  pressure  to  cause  failure  of  about  2  psi. 

A  12-jn.  wall  subjected  to  shock  waves  from  one  strand  of  Primacord  (load¬ 
ing  pressure  of  about  1.6  psi)  did  not  fail,  and  vid  not  show  any  signs  of 


2 


aS  >* 


l  i  h  I  m&m 


■  •  I  •• 


me  7o""o-7y 

cracking.  The  same  wall  subjected  to  a  shock  wave  from  two  strands  of  Prima- 
cord  (loading  pressure  of  about  4  psi)  did  fail  as  expected,  but  analysis  of 
crack  gage  data  suggested  that  failure  occurred  at  a  stress  far  greater  than 
the  expected  value. 

In  order  to  study  preloaded  walls,  a  preloading  mechanism  was  designed 
and  built  which  (through  designed  plastic  failure  of  t.he  lever  system  provid¬ 
ing  the  preload)  maintained  the  value  of  preload  during  shock  wave  loading 
close  to  what  it  was  prior  to  that  loading.  Analytical  work  indicated  that 
preloads  equivalent  to  one  or  two  extra  stories  above  the  test  wall  would  in¬ 
crease  failure  (cracking)  resistance  by  only  10  to  20  percent,  and  tests  in 
the  Tunnel  appeared  to  bear  this  out. 

Walls  with  Doorway 

Loading  study  tests  indicated  that  the  net  loadings  at  various  points  away 
from  the  doorway  would  have  to  differ  with  time.  Such  loadings  were  derived 
from  the  tests,  and  their  generalized  representations  were  fed  into  the  SAMIS 
finite-element  computer  code  in  order  to  obtain  contours  of  wall  deflection  vs 
time.  The  program  suggested  that  failure  should  first  occur  furthest  from  the 
door;  tests  in  the  Shock  Tunnel  appeared  to  bear  this  out. 

Walls  with  Window 

Loading  study  results  indicated  that  —  contrary  with  experience  of  walls 
with  doorways  —  there  was  no  need  to  use  different  net-loading-with-time  infor¬ 
mation  for  different  locations  around  the  window.  Common  to  all  locations  ap¬ 
peared  to  be  a  sharp  spike  then  a  very  rapid  decrease  to  a  loading  value  near 
the  incident  overpressure.  All  test  walls  behaved  generally  as  predicted. 
Failures  (cracks)  appeared  first  at  the  window  corners  and  progressed  generally 
horizontally  away  from  the  corners.  The  brick  walls  were  far  stronger  than  the 
concrete  block  walls.  Failure  (cracking)  occurred  with  a  rupture  modulus  0 
of  about  140  psi  with  the  former  and  only  about  27  psi  with  the  latter. 
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walls  cracked  when  subjected  to  shock  waves  fro*  a  -:.ingle  10-ft  long  strand  of 
Primacord  (loading  pressure  <  1  psi).  The  clay  t.sle  walls  were  first  subject¬ 


ed  to  shock  waves  from  2-ft  long  strand's  uZ  Primacord  (loading  pressure  <  0.5 
psi)  and  did  not  crack.  All  walls  failed  one  60-ft  length  strand  of  Pri¬ 

macord  (the  normal  minimum)  whose  loading  pressures  1.5  psi. 


Static  Test  Program 


The  static  test  program  was  reviewed.  Tabulated  results  indicated  that 
static  rupture  moduli! ,  v/ith  beams  that  are  short  (~  2  ft)  compared  with  a 
wall,  varied  from  68  psi  to  326  psi,  with  most  values  clustering  from  140-240 
psi.  Similar  tests  were  made  with  clay  tile  and  concrete  block  beams,  all  of 
which  proved  to  be  weak  in  flexure. 
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ABSTRACT 

This  Abstract  deals  with  the  test  information  and  analytical  results  for 
a  variety  of  wall  geometries  subjected  to  blast  loads,  and  for  short  statically 
loaded  beams,  presented  in  Volume  1.  Volumes  2  and  3  contain  digitized  gage 
data  taken  from  tests  with  nonfailing  walls  with  and  without  doors  and  windows. 
(Volumes  2  and  3  are  available  for  review  at  DCPA  headquarters.) 

Analytical  studies  for  12-in.  thick  solid  walls  mounted  as  beams  indicated 
a  lower  rupture  modulus  at  failure  than  seemed  to  be  observed  in  the  Shock 
Tunnel.  Analysis  of  the  effect  of  vertically  preloading  a  test  wall  indicated 
that  failure  (cracking)  resistance  would  increase  only  10  to  20  percent  for 
preloads  equivalent  to  one  or  two  stories.  Tests  in  the  Shock  Tunnel  with  a 
specially  designed  preloading  mechanism  appeared  to  bear  the  predictions  out. 

The  SAMIS  finite  element  computer  program  predicted  failure  of  walls  with 
a  doorway  to  start  furthest  from  the  door.  Loading  inputs  to  the  program  were 
derived  from  Shock  Tunnel  tests  and  differed  with  time  at  various  points  on 
the  wall. 

Similar  SAMIS  studies  of  walls  with  a  window  indicated  that  cracking 
should  occur  first  at  the  corners  of  the  windows.  Tests  with  brick  and  con¬ 
crete  block  walls  bear  this  out  though  0^  for  the  brick  walls  was  about  140 
psi  but  only  about  27  psi  for  the  concrete  block  walls. 

Interior  walls  behind  windows  made  of  clay  tile  and  concrete  blocks  failed 

at  very  low  stress  levels  (O  180  psi  for  the  former,  **  27  psi  for  the  lat- 

r 

ter) . 

The  static  test  program  with  short  beams  show  most  values  of  rupture  mod¬ 
ulus  for  brick  beams  to  cluster  from  140-240  psi.  Clay  tile  and  concrete  block 
beams  are  considerably  weaker. 
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Force,  time  variant  (F) 
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Section  1 
INTRODUCTION 

Tnis  report  is  one  of  a  series  describing  the  progress  of  a  long-range 
shock  tunnel  research  program  to  determine  the  loading,  structural  response, 
and  debris  characteristics  of  wall  panels.  The  report  presents  the  data  from 
tests  with  nonfailing  walls  (loading  studies)  and  with  wall  panels  composed  of 
bi ittle  materials,  conducted  during  the  time  period  from  November  1,  1970  to 
October  30,  1971.  In  addition,  some  further  analysis  of  data  are  presented 
from  selected  tests  conducted  prior  to  November  1970. 

This  program  is  sponsored  by  the  Defense  Civil  Preparedness  Agency  (DCPA) 
under  Contract  No.  DAHC20-71-C-0223 .  The  primary  objective  of  the  program  is 
to  provide  information,  obtained  both  analytically  and  experimentally,  on  the 
strength  of  a  wide  range  of  structural  wall  panels  of  interest  to  DCPA.  This 
information  is  being  used  by  URS  and  other  investigators  to  improve  building 
damage  and  personnel  casualty  estimates. 

The  method  of  approach  has  been  to  conduct  closely  coordinated  analytical 
and  experimental  efforts.  First,  preliminary  analytical  work  was  performed  to 
identify,  within  the  scope  of  the  survey  data  available,  those  classes  of  wall 
panels  which  are  of  primary  concern  to  the  DCPA  shelter  research  program.  This 
was  further  refined  to  determine,  within  those  classes,  the  panel  types  whose 
general  structural  response  characteristics  were  expected  to  be  similar.  The 
resulting  wall  panel  types  are  being  studied  through  a  comprehensive  research 
program  which  includes:  loading  study  tests  in  which  nonfailing  walls  are  sub¬ 
ject  to  blast  loading,  and  are  conducted  primarily  to  obtain  loading  informa¬ 
tion  on  various  structural  wall  geometries;  wall  panel  response  tests  in  which 
full  size  structural  wall  panels  are  subjected  to  blast  loadings;  and  an  ana¬ 
lytical  program  which  encompasses  the  design  of  the  experimental  tests  (both 
loading  and  response),  the  analysis  of  data  from  these  tests,  and  the  develop¬ 
ment  of  techniques  for  predicting  wall  panel  failure.  As  these  prediction 
techniques  are  developed,  the  need  for  conducting  experiments  on  various  types 
of  panels  within  one  class  will  decrease. 
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In  Vis  report,  results  of  81  tests,  all  part  of  the  wall  panel  test  pro¬ 
gram  are  given.  Four  additional  tests  were  conducted  for  DCPA  and  the  General 
American  Transportation  Company  to  investigate  the  blast  resistance  of  stored 
DCPA  shelter  equipment.  The  results  from  these  tests  were  presented  in  Eef.  2. 
Finally,  25  experimental  tests  were  designed  to  investigate  blast  fire  inter¬ 
action.  Their  results  were  presented  in  two  separate  reports.  Refs.  3  and  4. 
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Section  2 

GENERAL  DISCUSSION  OF  THE  l-.XPERIMENTAL  TEST  PROGRAM 

The  data  from  a  total  of  31  shock  tunnel  tests  are  presented  in  the  re¬ 
port.  Thirty-four  of  these  tests  were  conducted  using  full-scale  structural 
wall  panels  of  nonreinforced  brick,  concrete  block,  or  hollow  clay  tile.  The 
remaining  47  were  loading  study  tests  conducted  using  nonfailing  instrumented 
walls.  The  purpose  of  these  loading  study  tests  was  to  determine  the  charac¬ 
teristics  of  the  air  blast  pulse  (e.g.,  maximum  overpressure,  duration,  and 
pulse  shape)  as  a  function  of  the  quantity  of  the  explosive  used,  and  to  ob¬ 
tain  the  time  history  of  the  loadings  on  the  various  structural  wall  geon  ‘tries 
tested  in  the  full-scale  response  tests.  This  information  is  used  to  aid  in 
the  design  of  the  full-scale  response  tests  and  in  the  interpretation  of  data 
from  these  tests. 

To  discuss  the  results  of  these  tests  it  is  convenient  to  organize  them 
with  regard  to  test  geometry.  The  various  test  geometries  investigated  were 
as  follows: 

1.  Single  solid  wall  completely  blocking  the  shock  tunnel. 

2.  Single  wall  with  a  doorway. 

3.  Single  wall  with  a  wir  'ow. 

4.  A  room  with  a  window  in  the  front  wall  (toward  the  blast)  and  a  solid 
back  wall . 

The  kinds  and  number  of  tests  covered  in  this  report  are  tabulated  in  Tables 
2-1  and  2-2.  In  both  tables,  reference  is  made  to  "strands  of  Primacord"  which 
is  a  measure  of  the  strength  of  the  shock  wave  incident  on  a  wall.  The  gener¬ 
al  relationship  between  shock  wave  overpressure  and  strands  of  Primacord  is 
given  in  Fig  2-1. 

The  tests  conducted  with  each  of  these  test  geometries  will  be  discussed 
in  Sections  3  through  6.  Certain  elements  including  the  instrumentation  and 
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Table  2-1 

LOADING  STUDY  TESTS,  NO.  CONDUCTED 


TYPE  OF  TESTS 

i 

NO.  OF 
STRANDS 

2 

60- FT  LONG 
OF  PRIMACORD 

3  4 

5 

Solid  Wall 

1 

3 

3 

1 

3 

Wall  with  Doorway 
Wall  with  Window 

3 

3 

” 

3 

62- In.  x  6-1- In. 

window 

3 

- 

3 

- 

4 

38- in.  x  62- in. 

window 

3 

- 

3 

- 

3 

Room  with  Window 

2 

2 

2 

2 

- 

Table  2-2 

RESPONDING  WALL  TESTS 


TYPE  OF  TEST 

WALL 

NO. 

PRIMACORD 

LENGTH 

NO. 

STRANDS 

NO. 

TESTS 

DESCRIPTION  OF  TESTS 

SOLID  WALLS 

12-in.  brick  beam, 

52 

60 

1 

3 

No  signs  of  damage. 

no  preload 

52 

60 

2 

1 

Wall  failed. 

8- in.  brick  beam, 
preload 

64 

60 

1 

2 

16,500  lbs  preload.  Wall  cracked  on  first 
test;  failed  on  second. 

65 

60 

1 

1 

16,500  lbs  preload.  Wall  failed. 

66 

60 

1 

1 

23,500  lbs  preload.  Wall  cracked. 

67 

60 

3 

1 

23,500  lbs  preload.  Wall  failed. 

WALLS  WITH  DOORWAY 

8-ln.  brick  beam 

45 

12 

1 

1 

Test  for  natural  period. 

(33-1/2-in.  wide) 

45 

60 

2 

1 

Wall  failed. 

48 

10 

l 

1 

Test  for  natural  period. 

48 

60 

1 

3 

No  visible  damage. 

48 

60 

2 

1 

Wall  failed. 

WALLS  WITH  WINDOW 

8- in.  Brick  beam 

56 

60 

2 

1 

Wall  failed. 

f62-in.  x  38-1/2- 

in.  window) 

57 

60 

1 

3 

Crr.cks  on  first  test  increased  in  size. 

57 

60 

2 

1 

Wall  failed. 

8-ln.  concrete  block 

60 

10 

1 

1 

Test  for  natural  period,  wall  cracked. 

beam  (62- in.  x  39- in. 

60 

60 

1 

1 

Wall  failed. 

window) 

61 

10 

1 

1 

Test  for  natural  period,  wall  cracked. 

61 

60 

1 

2 

Cracks  enlarged  on  first  test;  failed  on 
second. 

ROOM  WITH  WINDOW 
(Interior  Walls) 

8-ln.  concrete  block 

58 

10 

1 

1 

Test  for  natural  period,  wall  cracked. 

beam 

58 

60 

1 

1 

Wall  failed. 

59 

2 

1 

1 

Test  for  natural  period. 

59 

60 

1 

1 

Wall  failed. 

6- in.  hollow  clay 

62 

2 

1 

1 

Test  for  natural  period. 

tile  beam 

62 

60 

1 

1 

Wall  failed. 

63 

2 

1 

1 

Test  for  natural  period. 

63 

60 

1 

1 

Wall  failed. 
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NO.  OF  STRANDS  OF  60-ft  LONG  PRIMACORD 


Fig.  2- 


1.  Incident  Overpressure  as  a  Function  of  the  Number  of  30-ft 
Long  Strands  of  Primacord  Detonated  Simultaneously  in  the 
Compression  Chamber.  Bars  indicate  one  standard  deviation 
from  the  mean. 
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data  analysis  techniques  are  common  to  all  test  geometries  and  are  included  in 
this  general  discussion. 

In  addition  to  the  shock  tunnel  tests,  static  loading  tests  of  the  mater¬ 
ials  being  used  were  also  carried  out.  These  along  with  some  crack  gage  tests, 
are  discussed  in  Section  7. 

Test  data  for  the  loading  studies  are  available  in  three  appendices  con¬ 
stituting  Volumes  2  and  3  of  this  report.  Volume  2  contains  Appendix  A,  the 
test  data  for  the  solid  wall  loading  study,  and  Appendix  B,  the  test  data  for 
the  loading  study  on  exterior  walls  with  doors.  Volume  3  contains  Appendix  C, 
the  test  data  for  the  loading  study  on  exterior  walls  with  windows. 

Only  a  limited  number  of  Volumes  2  and  3  were  prepared.  They  are  avail¬ 
able  for  review  at  the  Shelter  Research  Division  of  the  Defense  Civil  Prepared¬ 
ness  Agency. 

INSTRUMENTATION 

The  instrumentation  used  during  a  typical  loading  study  test  includes 
pressure  gages  located  on  the  wall  of  the  shock  tunnel  and  on  the  nonfailing 
wall  or  walls,  and  load  cells  located  on  the  support  structure,  which  monitor 
the  total  load  imparted  to  this  support  structure.  Occasionally,  this  instru¬ 
mentation  is  supplemented  with  time-of-arrival  gages,  strain  gages  and  motion 
picture  cameras. 

The  same  basic  instrumentation  is  used  for  the  structural  wall  panel  tests. 
The  pressure  gages  are  located  on  the  shock  tunnel  wall,  and  the  load  cells 
monitor  the  transmitted  load  on  the  wall  panel  support  structure.  Also  used 
are  time-of-arrival  gages,  strain  gages,  displacement/ velocity  gages,  crack 
gages,  high-speed  movie  cameras,  and  pre-shot  and  post-shot  still  photogiaph.v. 

The  various  elements  of  the  instrumentation  system  are  as  follows: 

•  Pressure  gages  -  Susquehanna  Instrument  Co.,  Model  ST-2  and 

Kistler  Instrument  Co.  Model  606-L.  These  are  used  with  Kistler 
Model  504A  charge  amplifiers. 
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•  Load  cells  -  Lockheed  Electronics  Co.  Model  LCPC-50  (50,000  lb 
capacity)  and  Model  LCPC-200  (200,000  lb  capacity).  These  are 
used  with  Bell  &  Howell  Model  1-165  high  gain  amplifiers. 

•  Time-of-arrival  gages  -  Two  types  have  been  used:  a  URS-fabri- 
cated  foil-leaf  switch,  and,  more  recently,  an  inexpensive  micro¬ 
phone  fastened  to  the  front  face  of  the  wall. 

•  Strain  gages  -  BLH  Electronics,  Inc.,  SR4  type. 

•  Displacement/ velocity  gages  -  Two  types  have  been  used.  On  tests 
where  the  primary  interest  was  small  displacements  (<  a  quarter 
of  an  in.)  a  G.L.  Collins  Corp.  linear  displacement  transducer 
was  used.  On  the  more  recent  tests  where  measurements  of  large 
displacements  (>  4  in.)  were  desired,  a  C  L.  Collins  velocity  gage, 
Model  LMV  05710,  was  used.  The  velocity  gage  is  bonded  to  the 
center  of  the  upstream  face  of  each  wall. 

•  Crack  gages  -  Various  types  have  been  used  throughout  the  test 
program,  including  strips  of  conducting  epoxy,  conducting  paint, 
and,  in  the  majority  of  the  tests,  a  thin  strip  of  aluminum  foil 
(approximately  one-eighth  of  an  in.  wide)  embedded  in  a  rigid 
epoxy.  Recently,  a  development/calibration  study  has  been  con¬ 
ducted  on  these  crack  gages;  the  results  of  this  investigation  is 
presented  in  Section  7. 

•  Recording  system  -  The  data  from  the  various  sources  is  recorded 
on  either  a  Bell  &  Howell  VR3300  14  channel  tape  recorder  or  on 
Tektronix  Dual-Beam  Oscilloscopes,  Model  502  and  502A,  equipped 
with  Polaroid  cameras.  To  obtain  hard  copy  traces  for  data  re¬ 
duction  and  analysis,  the  tape  recorded  data  are  speed  scaled, 
i.e. ,  data  which  is  recorded  at  60  in.  per  second  is  played  back 
at  3.75  in.  per  second  and  is  displayed  on  light-sensitive  paper 
using  a  Honeywell  Model  1508A  Visicorder. 


DATA  REDUCTION  PROCEDURE 

The  hard  copy  records  are  first  placed  in  the  URS  Data  Reader  and  the 
pressure- t ime ,  load-time,  etc.,  records  are  digitized.  Subsequent  data  reduc¬ 
tion  and  processing  is  accomplished  by  a  series  of  computer  codes  written  for 
a  time-sharing  XDS  940  computer  which  is  available  through  a  national  subscrip¬ 
tion  service,  Tymshare  Inc.  Each  pressure-time  record  is  stored  as  a  data  file 
and  identified  by  the  test  number  and  gage  location.  A  number  of  data  files, 
which  represent  replications  of  a  test  condition,  are  processed  simultaneously. 
The  output  of  these  programs  is  in  the  form  of  a  table  of  average  pressure  at 
millisecond  intervals,  and  a  computer  plot  of  average  pressure  vs  time. 
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The  tabulated  pressure-time  information  includes  a  listing  of  the  tables 
of  the  data  files  which  were  processed  in  addition  to  the  descriptive  informa¬ 
tion  contained  in  the  table  heading.  A  table  of  impulse-time  information  is 
also  printed,  in  which  the  impulse  was  determined  by  integrating  the  pressure¬ 
time  data  at  1  msec  intervals.  Tests  where  pressure  measurements  were  made  on 
both  sides  of  a  wall  with  a  pair  of  gages  were  processed  to  output  net  pressure 
and  impulse  information.  The  tabular  output  for  these  gage  pairs  also  included 
a  listing  of  front,  back,  and  net  pressure  and  impulse  for  each  test  and  gage 
pair  location,  in  addition  to  the  averages  of  these  quantities  for  all  the  rep¬ 
lications  of  a  test  condition. 

A  standard  deviation  is  determined  from  the  pressure-time  information, 
using  the  following  formula: 


II  III 

E  E  ( 

i=l  t=0  \ 


P  -  P  ) 
t  avg 


n(m)  -  1 


where 


o  =  standard  deviation 


n  =  number  of  gage  records 
m  =  maximum  duration  (msec) 

P  pressure  at  time  t  of  a  record 
l?avg  =  average  pressure  of  *.  records  at  time  t 

Thus  the  standard  deviation,  expressed  in  psi,  is  determined  from  deviations 
from  the  mean  over  the  entire  duration  of  the  record.  This  provides  some  meas¬ 
ure  of  the  reproducibility  of  the  tests.  It  also  means  that  95  percent  of  the 

data  used  in  establishing  the  average  pressure  vs  time  plot  falls  within  a 

* 

band  20  above  and  below  the  average  pressure-time  curve. 


Standard  deviation  was  determined  from  net  pressure  for  paired  gages,  thus, 
if  one  gage  of  a  pair  on  a  test  did  not  function,  its  readings  were  not 
used  in  determining  O,  but  were  used  in  determining  average  net  pressure 
for  tab  and  plot  output. 
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All  output  was  carefully  checked  against  the  original  gage  record  data 
files  to  eliminate  errors.  In  addition,  the  value  of  standard  deviation  was 
used  as  a  further  check  on  the  accuracy  of  gage  records,  and  aided  in  pinpoint¬ 
ing  gage  malfunctions. 

Velocity  gage  records  from  failing  wall  tests  were  also  processed  by  com¬ 
puter.  The  output  is  in  the  form  of  a  table  of  velocity  and  displacement  for 
each  millisecond  of  the  record,  and  a  log-log  plot  of  displacement  vs  time. 

The  displacements  are  determined  by  integrating  the  velocity  data  at  0.1  msec 
intervals . 

In  previous  reports  in  this  series  the  data  presented  has  been  primarily 
the  peak  values  of  pressure  and  load  with  some  pressure-time  and  load-time  data 
given  for  approximately  the  first  25  msec  of  the  load  pulse.  This  was  done  be¬ 
cause  the  early  time  data  was  urgently  needed  for  input  to  the  calculations  and 
computer  analysis  being  used  to  design  the  test  program  and  to  make  predictions 
of  natural  period,  displacement  and  failure  threshold.  For  other  purposes, 
such  as  studying  the  behavior  of  the  wall  after  it  fails,  i.e.  ,  cracks,  longer 
time  information  is  required.  Thus,  all  data  presented  in  this  report  are  for 
the  full  duration  of  the  pulse,  i.e.,  clear  into  the  negative  phase.  Emphasis 
has  also  been  placed  on  the  pressure-time  and  displacement-time  data  with  very 
little  effort  being  devoted  to  the  load  cell  data.  Analysis  of  this  data  is 
considerably  more  complex  and  of  lower  priority  as  it  will  be  of  value  when 
studying  full  building  frame  response;  hence,  it  will  be  presented  in  a  later 
report . 
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Section  3 
SOLID  WALL  TESTS 


A  solid  wall  test  is  one  in  which  an  8-1/2  by  12-ft  wall,  either  a  non¬ 
failing  wall  or  a  structural  wall  panel,  is  placed  in  the  shock  tunnel  complete¬ 
ly  blocking  the  tunnel.  During  this  reporting  period,  loading  study  tests  and 
five  structural  wall  panel  tests  were  conducted  with  solid  wall  panels.  The 
wall  panels  were  supported  as  simple  beams  (i.e. ,  supported  top  and  bottom  with 
sides  free  to  move)  both  with  and  without  vertical  preload.  (Vertical  preload 
simulates  the  load  due  to  the  weight  of  the  structure  above  the  panel  of  in¬ 
terest,  as  in  the  cases  of  bearing  and  curtain  walls  in  multi-storied  build¬ 
ings.)  A  sketch  of  a  simple  beam  support  condition  for  a  brick  wall  without 
preload  is  shown  in  Fig.  3-1.  Sketches  of  the  preloaded  wall  supports  are  giv¬ 
en  later  in  the  section. 

LOADING  STUDY  TESTS 

Loading  study  tests  are  used  to  determine  the  peak  overpressure,  dura¬ 
tion,  and  pulse  shape  of  the  blast  wave  generated  in  the  shock  tunnel  as  a 
function  of  the  quantity  and  arrangement  of  the  Primacord  used,  and  to  obtain 
the  time  history  of  the  load  imposed  on  wall  panels  by  the  blast  wave.  This 
data  is  necessary  to  design  the  wall  panel  tests,  to  obtain  data  for  failure 
prediction  calculations,  and  to  aid  in  interpretation  of  the  wall  panel  test 
results. 

Ideally,  load-time  history  information  should  be  obtained  from  gages 
placed  directly  on  the  brick  (or  other  material)  of  wall  panels  being  tested. 
However,  since  these  panels  are  usually  tested  to  failure,  to  obtain  such 
information  would  be  difficult  and  expensive.  Instead,  load-time  information 
;  is  obtained  using  instrumented  nonfailing  walls  -  massive  walls  constructed 

s  of  steel  and  laminated  plywood  and  having  modular  panels  containing  instrumen- 

^  tation.  These  modular  panels  can  be  arranged  to  allow  measurements  to  be 

t  made  at  a  number  of  locations  on  the  wall. 

i 

f 

t 
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Cutawas  View  ol'  Shock  Tunnel  Showing  Test  Panel 
and  Simple  Hearn  Support  Condition  Hardware 
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The  instrumentation  locations  for  a  loading  study  test  with  a  solid  wall 
is  shown  in  Fig.  3-2.  There  were  four  gages  mounted  on  the  8-1/2  X  12-ft  mod¬ 
ular  nonfailing  wall,  B-12 ,  B-13,  B-14 ,  and  B-15.  In  addition,  there  were 
three  gages  on  the  tunnel  wall:  gage  7,  92-3/4  in.  ahead  of  the  nonfailing 
wall  on  the  west  side  of  the  tunnel;  gage  9,  52-1/4  in.  ahead  of  the  wall  also 

on  the  west  side  of  the  tunnel;  and  gage  11,  110-3/8  in.  ahead  of  the  nonfail- 

* 

ing  wall  on  the  east  side  of  the  tunnel.  Typical  gage  traces  from  a  one 
strand  Primacord  test  (peak  load  on  the  wall  of  approximately  1.5  psi),  and  a 
three  strand  test  (peak  load  on  the  wall  of  approximately  7.0  psi),  are  shown 
in  Appendix  A.  Also  included  in  Appendix  A  are  the  digitized  data  for  each  of 
the  solid  wall  loading  study  tests. 

Summary  plots  of  the  loading  study  test  data  are  shown  in  Figs.  3-3 
through  3-7.  These  plots  are  the  averaged  data  from  all  solid  wall  tests  us¬ 
ing  the  specified  quantities  of  explosives.  This  varied  from  one  to  four  tests 
for  each  plot  and  the  tests  which  were  used  to  make  up  a  particular  plot  are 
listed  in  the  caption  for  each  figure.  For  example,  Fig.  3-4  presents  the 
data  for  all  two  strand,  solid  wall  loading  study  tests;  in  partic'lar,  tests 

jfc  s)c 

01-13-71-02,  01-11-71-03,  and  01-11-71-04.  The  data  presented  in  i'g.  3-4 
is  the  average  pressure  on  the  wall  as  measured  by  the  three  gages:  B-13 
B-14,  and  B-15.  The  digitized  data  used  to  generate  these  plots  is  presented 
in  Appendix  A.  Similar  data  for  one,  three,  four  and  five  strand  tests  are 
presented  in  Figs.  3-3,  3-5,  3-6,  and  3-7. 


At  least  two  of  these  tunnel  wall  gages  are  in  operation  in  each  of  the 
failing  wall  tests  to  correlate  between  the  loading  study  tests  and  the 
failing  wall  tests. 

These  test  numbers  are  read  as  follows:  01-  the  month,  January;  -13-  the 
day  of  the  month;  -71-  the  year;  -03  the  third  test  conducted  that  day. 

This  test  designation  is  used  throughout  the  program  for  both  loading  study 
and  failing  wall  tests. 
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NONFAILING  WALL  GAGES 


GAGE  NO. 

DISTANCE  FROM 
FLOOR 

DISTANCE  FROM  WEST 
WALL  OF  TUNNEL 

B-12 

51" 

14-1/4" 

B-13 

51" 

47 

B-14 

51" 

75-1/4” 

B-I5 

51" 

132-1/2" 

TUNNEL  WALL  GAGES 

GAGE  NO. 

DISTANCE  FROM 

DISTANCE  FRC.I  NON- 

FLOOR 

FAILING  WALL 

Westwall-7 

45" 

92-3/4" 

Westwall-9 

45" 

52-1/4" 

Eastwall-11 

49" 

110-3/8" 

Fig.  3-2.  Instrumentation  Location  for  Solid  Wall  Loading  Test  Series 
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WALL  PANEL  TESTS 

jj( 

During  .‘his  reporting  period,  five  solid  exterior  structural  wall  panel 
tests  were  conducted:  one  12-in.  thick,  nonreinforced  brick  wall  supported  as 
a  simple  beam;  and  four  8-in.  thick  nonreinforced  brick  walls  supported  as 
simple  beams  but  with  various  levels  of  preload.  All  walls  completely  filled 
the  8-1/2  X  12  ft  cross  section  of  che  tunnel. 

Wall  Panel  Tests  without  Preload 


Prior  to  discussing  the  results  of  these  tests  ,  we  will  briefly  review  the 
static  test  program  and  the  analytical  work  performed  with  this  test  condition 
to  help  design  the  tests,  to  aid  in  the  analysis  of  results,  and  to  better  un¬ 
derstand  the  failure  process  in  order  to  develop  means  for  predicting  the  re¬ 
sponse  of  other  wall  panels  in  this  same  class. 

To  predict  the  failure  characteristics  of  a  particular  wall  panel,  it  is 
necessary  to  have  a  measure  of  its  material  properties.  Therefore,  during  the 
construction  of  a  wall  panel,  a  group  of  static  test  specimens  are  fabricated. 
These  usually  consist  of: 

1.  Brick  and  mortar  beams  for  flexural  strength  tests. 

2.  Mortar  cylinders  for  compressive  and  splitting  strength  tests. 

3.  Masonry  assemblies  for  composite  compressive  and  shear  bond  strength 
tests . 

4.  Brick  and  mortar  couplets  for  tensile  bond  strength  tests. 

5.  Single  bricks  for  modulus  of  rupture  and  compressive  strength  tests. 

These  specimens  are  tested  using  standard  ASTM  procedures.  These  procedures 
and  the  static  test  data  are  discussed  briefly  in  Section  7  and  are  presented 
in  detail  in  a  previous  report  (Ref.  5). 


Additional  solid  interior  wall  panel  tests  were  conducted;  these  are  dis¬ 
cussed  in  Section  6. 
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Based  on  these  static  tests,  the  average  material  properties  for  the 
brick  walls  used  in  this  program  were  as  follows: 


STATIC  MATERIAL  PROPERTIES 


=  1.3  X  10  psi 


0  (expected)  =  185  psi 

C  (maximum)  99%  =  260  psi 
r 

0r  (minimum)  5%  =  105  psi 


Based  on  these  material  properties,  the  preliminary  predictions  for  the 
peak  sustained  reflected  pressure  (pf)  which  would  cause  a  12-in.  brick  simple 


beam  wall  panel  to  fail  are: 


RESPONSE  PREDICTIONS 


p  (maximum)  =  3.15  psi 
r 

p^  (expected)  =  2.25  psi 
p  (minimum)  =  1.28  psi 


Earlier  in  the  program  two  12-in.  brick  wall  panels  (wall  50  and  wall  51) 
were  tested  at  4.0  psi  and  4.3  psi,  respectively,  well  above  these  predicted 
values.  As  expected,  both  wall  panels  failed  catastrophically,  indicating 
that  the  flexural  strength  (Modulus  of  Rupture)  of  these  walls  was  well  below 
330  psi  and  355  psi.  In  1969,  theoretical  work  was  done  on  low-level  fatigue, 
and  in  Ref.  6  a  generalized  failure  theory  was  developed  combining  a  statis¬ 
tical  failure  theory  presented  in  Ref.  7  and  the  low-level  fatigue  ideas. 

From  this  failure  theory,  a  somewhat  different  strength  distribution  is  pre¬ 
dicted  for  an  8  X  12  ft  brick  wall  12-in.  thick  (see  Fig.  3-8).  These  values 
are  as  follows: 
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RESPONSE 

PREDICTIONS 

MODULUS  OF  RUPTURE 

FAILURE  PRESSURE 

a  (maximum)  99%  =  200 
r 

p  (maximum)  =2.41 
r 

C  (expected)  =  117 

r 

p  (expected)  =1.42 
r 

0  (minimum)  5%  =  25 
r 

p  (minimum)  =  .30 
r 

In  addition  to  these  calculations  based  on  static  test  data,  a  major  por¬ 
tion  of  the  analytical  program  has  been  devoted  to  the  use  of  computer  analy¬ 
sis  to  expand  the  prediction  capability.  The  computer  code  presently  used  on 
this  program  is  the  Structural  Analysis  and  Matrix  Interpretation  System  (SAMIS), 
developed  by  The  Western  Development  Laboratories  (WDL) ,  of  the  Philco-Ford 
Corporation  under  contract  to  the  Jet  Propulsion  Laboratory.  This  is  a  power¬ 
ful  and  complex  code  using  finite  element  techniques  and  is  capable  of  handling 
either  triangular  elements  (e.g. ,  plates  and  shells)  or  line  elements  (e.g. , 
trusses  and  frames).  The  computer  prediction  work  on  solid  walls  was  present¬ 
ed  in  detail  in  a  previous  report  (Ref.  6)  and  will  not  be  repeated  here.  How¬ 
ever,  two  curves  from  that  work  will  be  repeated  to  aid  in  the  discussion  of 
test  results.  These  are  Fig.  3-9,  a  plot  of  the  calculated  stress  on  a  typical 
element  on  the  center  line  of  solid  brick  wall  subjected  to  a  1  psi  step  load 
and  Fig.  3-10,  a  plot  of  the  calculated  load  that  would  be  read  by  a  load  cell 
located  on  the  support  frame  of  the  wall.  Recently  completed  computer  work 
on  more  complex  wall  forms,  (i.e.,  those  with  openings)  will  be  presented  in 
later  sections  of  this  report. 

The  12  in.  brick  wall  tested  during  this  reporting  period  (wall  52)  pro¬ 
vided  the  first  opportunity  to  test  some  of  the  ideas  presented  in  the  failure 
theory  found  in  Ref.  5.  Hence,  it  was  decided  to  subject  the  wall  to  one 
strand  shock  waves  (peak  reflected  pressures  of  about  1.6  psi)  and  to:  (1) 
check  the  lower  bound  strength;  and  (2)  look  for  signs  of  cracking  or  partial 
failure.  These  one  strand  tests  were  repeated  three  times  (test  numbers 
03-03-71-01  through  03-03-71-03)  with  no  sign  of  cumulative  damage  (low-level 
fatigue)  or  any  degrade  ion  in  performance;  hence,  O >  133  psi.  The  measured 
natural  frequency  of  this  wall  was  38  msec. 


3-13 


KC30  ^  ID/in 


]  7030-7 


’  20 


TIME  ( msec) 


Fig.  3-9.  Typical  Stress/Time  Relation  for  Facet  on  Structure 
Centerline  of  a  12-in.  Brick  with  a  1  psi  Step  Load 
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The  results  of  these  three  tests  are  interesting  and  predictable  since 
the  static  strength  probability  curve  (Fig.  3-8)  indicated  that  there  was 
approximately  50  percent  probability  of  a  wall  being  at  least  this  strong. 

In  the  fourth  test  (test  no.  03-03-71-04)  the  wall  was  subjected  to 
a  measured  peak  reflected  overpressure  of  4.2  psi.  The  wall  failed  with 
first  cracks  appearing  at  12.5  and  13.2  msec.  These  cracks  were  horizontal 
and  located  at  the  center  of  the  wall.  The  bottom  half  of  the  wall  rotated 
until  striking  the  floor;  the  top  half  rotated  approximately  90  degrees 
and  landed  on  top  of  the  bottom  half.  The  maximum  total  load  as  measured 
by  the  load  cells  was  74,000  lb. 

A  plot  of  the  displacement  of  the  center  of  this  wall  as  a  function  of 
time  is  presented  in  Fig.  3-11.  Pre-  and  post-test  photographs  of  the  failed 
wall  are  presented  in  Fig.  3-12. 

The  crack  time  of  this  wall,  12  to  13  msec,  implies  an  apparent  fiber 
stress  of  a '  -  332,  based  on  the  dynamic  stress  prediction  from  SAMIS  (see 
Fig.  3-9).  If  the  failure  theory  concepts  are  correct  and  the  strength  dis¬ 
tributions  are  accurate,  the  4.2  psi  reflected  pressure  is  almost  three  times 
as  great  as  the  expected  strength;  hence,  one  would  use  the  "Dynamic  Strength 
Distribution"  shown  in  Fig.  3-8.  This  distribution  also  shows  that  a  modulus 
of  rupture  of  =  332  is  very  rare,  less  than  1  percent  probability.  As  more 
data  are  gathered,  the  theory  and  distributions  will  undoubtedly  be  modified 

but  the  current  knowledge  permits  one  to  say  133  <  O  <  332  for  wall  52  with 

r 

complete  certainty. 

Wall  Panel  Tests  with  Preload 

During  this  test  program,  four  tests  of  brick  wall  panels  with  preload 
were  conducted.  To  preload  means  to  simulate  "real  world"  load  conditions  in¬ 
duced  by  bearing-wall  construction  or  high  curtain-wall  construction.  Before 
presenting  the  test  results  of  these  walls,  a  brief  discussion  of  the  rationale 
used  to  design  these  tests  will  be  presented  (this  information  was  presented  in 
considerably  more  detail  in  Ref.  5).  This  will  be  followed  by  a  description 


3-16 


TIME,  MSEC 

fig.  3-11.  Displacement  as  a  Function  of  Time  for  12  in.  Nonreinforced 
Brick  Wall  No.  52  (Test  No.  03-03-71-04) 
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of  the  test  design  and  test  hardware,  and  a  discussion  of  the  analytical  pre¬ 
dictions  which  were  made  prior  to  these  tests. 

Theoretical  Considerations 

First  consider  the  model  presented  in  Fig.  3-13a  and  3-13b  ana  in 
particular,  the  "Elastic  Bending  Phase"  in  Fig.  3-13a.  (In  the  first  part 
of  this  discussion  only  the  static  case  will  be  consice^ed ,  i.e.,  dy/dt  =  0.) 

This  model  gives  a  rise  to  a  "resistance  function"  of  the  form  shown 
below. 


This  suggests  that  a  wall  could  apparently  have  increased  resistance  to 

post-fracture  if  it  has  a  low  modulus  of  rupture  O  and  a  high  preload  P  . 

r  v 

That  this  can  be  true  is  shown  in  the  following  table. 
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°r 

P 

V 

p  (Static) 
PRE- FRACTURE 

p  (Static) 

POST- FRACTURE 

50 

0 

0.49 

0.20 

* 

50 

2W 

0.63 

0.98 

150 

0 

1.42 

0.20 

150 

2W 

1.55 

0.98 

300 

0 

2.80 

0.20 

300 

2W 

2.83 

0.98 

It  can  be  seen  that  ir  certain  cases  a  wall  can  indeed  become  stronger 
after  fracture.  For  example,  take  a  wall  with  CT^  =  50  psi  and  Py  =  2W  (a 
three-story  curtain  wall).  The  resistance  before  fracture  is  p  =  0.63  psi  and 
p  =  0.98  after  fracture,  or  a  55  percent  increase.  This  would  give  the  "re¬ 
sistance  function"  shown  as  the  solid  curve  in  Fig.  3-14.  Note  that  the  as¬ 
sumptions  leading  to  this  type  of  resistance  function  are: 

•  The  material  must  be  brittle  with  a  low  modulus  of  rupture,  o 

•  The  preload  force  Pv  must  move  from  the  center  of  the  wall  prior  to 
fracture  to  the  proper  (strength-enhancing)  face  during  the  post-frac¬ 
ture  period. 

•  The  wall  at  the  center  must  be  capable  cf  supporting  (by  friction 
only)  a  shear  force  H  =  tW/2L  on  a  fractured  line. 

•  The  material  must  support  vertical  loads  at  the  top,  bottom,  and  cen¬ 
ter  as  the  line  contacts. 

Fig.  3-14  also  shows  resistance  curves  for  =  300  psi. 


In  Ref.  5  effort  was  expended  studying  various  load-bearing-wall  configura¬ 
tions  and  curtain-wall  configurations  to  establish  reasonable  bounds  on 
preload  based  on  construction  and  design  practice.  From  this  study  it  ap¬ 
peared  that  a  three-story  curtain  wall  provides  about  the  same  preload  a 
one-story  bearing  wall  might  support.  Hence,  a  preload  of  2 W  seems  a  rea¬ 
sonable  upper  bound  for  an  8  in.  brick  wall. 
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DEFLECTION  (in.) 

Fig.  3-14a.  Resisting  Function  for  an  8-in.  Brick  Wall  with  Preload  of  2W 
Shifting  to  Tension  Face,  =  50  and  300  psi 


DEFLECTION  (in.) 

Fig.  3-14b.  Resisting  Function  for  an  8-in.  Brick  Wall  without  Preload  but 

with  Weight  of  Wall  Shifting  to  Tension  Face,  a  =  50  and  300  psi 
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Experiment  Design 

The  design  objectives  were  to  develop  a  preload  mechanism  that  was  low 
cost,  easy  to  handle  and  provided  the  "proper"  preload  during  both  the  elastic 
and  inelastic  phase  of  loading.  That  is,  based  on  the  proposed  theoretical 
model,  one  would  like  the  preload  resistance  to  rotation  to  increase  after 
fracture,  simulating  the  shift  of  the  preload  force  P from  the  centerline  to 
the  tension  face.  See  Fig.  3-13. 

One  could  induce  easily  a  reasonable  simulation  of  the  static  resistance 
curve,  but  dynamic  considerations,  which  are  of  major  importance,  led  to  the 
pivotal  system  shown  in  Fig.  3-15. 

If  a  two-phase  freebody  of  the  wall  for  this  sytem  is  drawn,  (see  Fig. 
3-16),  it  can  be  seen  that:  (1)  the  vertical  loads  do  not  shift  to  the  ten¬ 
sion  face  as  in  Fig.  3-13,  and  (2)  the  resistance  of  phase  two  only  lasts  4 
in.  of  travel.  That  is,  if  the  wall  has  center  pivots,  the  geometric  resis¬ 
tance  only  exists  for  4  in.  =  (t/2)  of  travel  instead  of  the  8  in.  if  the  pi¬ 
vot  point  shifted  to  the  downstream  face,  or  if  the  pivots  were  placed  initial¬ 
ly  at  the  downstream  face. 

The  model  provides  the  factors  for  a  table  and  plot  comparable  to  that 

shown  in  Fig.  3-14.  This  is  shown  below  and  in  Fig.  3-17  (for  O  =50  and 

r 

300). 


°r 

P 

V 

p  (Static) 
RRE- FRACTURE 

p  (Static) 
POST-FRACTURE 

50 

0 

0.49 

0.10 

50 

2W 

0.63 

0.49 

150 

0 

1.42 

0.10 

150 

2W 

1.55 

0.49 

300 

0 

2.80 

0.10 

300 

2W 

2.83 

0.49 
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(a)  Elastic  Bending  Phase 


(b)  Secondary  Phase 


Fig.  3-16.  Failure  Model 
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Study  the  table,  and  the  graph  shown  in  Fig.  3-17.  It  can  be  seen  that 

the  post-fracture  resistance  is  on-J-half  that  of  the  earlier  "shifting-P  " 

v 

model.  In  addition,  the  resistance  decreases  to  zero  in  one-half  the  center 
line  travel.  Some  of  these  difficulties  could  be  eliminated  by  placing  the 
pivotal  point  at  the  tension  face  of  the  wall  which  would  provide  a  resistance 
curve  somewhat  like  that  with  the  shifting  vertical  load  shown  in  Fig.  3-14. 
The  actual  curve  is  shown  in  Fig.  3-18.  The  difference  is  that  the  elastic 
resistance  is  a  bit  higher,  and  the  post-fracture  strength  is  identical  to  the 
proposed  model.  Before  adopting  an  experimental  configuration,  consider  the 
dynamic  problem  somewhat  further. 


DEFLECTION 

Fig.  3-lb.  Static  Equivalent  Resistance  Function  for  8-in.  Brick  Wall 
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For  example,  consider  an  academic  problem  of  the  cam  and  follower  type  as 
shown  in  the  following  sketch.  Assume  a  massless  spring  with  spring  constant 
k,  and  X  =  0,  =  0  prior  to  the  follower  hitting  the  ramp. 


t  =  0 


Let 


T|  =  X  -  X1 


and 


X1  =  bt 
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0 


where  b  has  the  units  of  velocity.  Then  one  may  write 


—  +  k(X  -  X, )  =  0  for  t  >  0 
g  1 


which  has  a  solution 


X  =  bt 


b 

UJ 


sin  uut 


or 


n  =  -  -•  sin  out 

which  can  be  illustrated  in  the  sketch  below. 
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The  next  problem  to  be  treated  is  shown  as  a  lever  arrangement  where  the 
lever  is  also  a  spring.  Let  one  end  start  to  move  with  a  displacement  given 
by  6t,  and  let  the  lever  arm  lengths  be  t  and  a-P.  (see  sketch). 


X 

t 

w 

rreiut 

¥ 

1  J 

7^ 


8t 


«/  — | 


Then 


xl  =  a  1 


by 


From  the  previous  solution  we  see  that  the  motion  of  W  can  be  described 


x  =  5  *  ~  4  sin  wt 


from  which  the  oscillation  of  the  lever  (spring)  about  the  line  X  =  6/a  t  is 

6  , 

■n  - - sin  u>t 

ociju 

and  the  motion  of  mass  would  have  the  same  form  as  shown  in  the  preceding 
sketch. 

The  natural  frequency  can  be  written 


2 


< u 
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where 


Therefore 


X3t  =-  3Ef  (1  +“> 


2  _  g  3EI 
U)  w  '  o 

W  i3(l  +  «) 


r  i  _  _6_  _  6 

T1Jmax  “(JU  « 


Wt3  (1  +  <*) 
g3EI 


Assume  that  it  is  desirable  for  the  wall  to  move  4  in.  in  100  ms.  If 
<x  =  1/4  then  6  =  10  in. /sec  would  accomplish  this.  Let  W  =  1500  lb.  Then, 
for  example ,  one  has 


Xstatic 

0)] 

max 

1.00 

2.0 

3.0 

0.10 

0.63 

7.3 

0.01 

0.20 

n.o 

0.001 

0.063 

64.0 

0.0001 

0.02 

201.0 

It  is  obvious  that  the  stiffer  the  beam,  the  greater  the  D.L.F.  and 
the  stronger  the  support  hardware  must  be.  Now  consider  a  few  specific 
cases  to  establish  the  system  response. 
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CASE 

I 

[*n3 

D.L.F. 

T 

1 

1.33  in.4 

3.04  in. 

4.04 

0.37  sec 

2 

100 

0.235 

18.6 

0.037 

3 

1,000 

0.0742 

56.6 

0.003 

Observe  that  for  case  2,  the  mass  vibrates  several  times  during  the  100 
msec  of  interest.  The  preload  would  be  of  the  same  nature,  since  it  is  direct¬ 
ly  proportional  to  the  vibratory  portion  of  the  motion.  Hence,  the  preload 
would  go  from  +  18.6  Py  (static)  to  -  18.6  (static),  a  very  undesirable 
situation.  In  addition,  for  the  preload  structure  to  survive  this,  it  would 
have  to  be  very  strong,  i.e.  ,  with  a  design  stress  allowable  of  1,000  psi,  and 
thus  would  be  very  heavy  and  difficult  to  install.  Since  the  design  goal  is  a 
constant  or  a  well-behaved  preload,  this  vibrating  form  of  motion  cannot  be 
used . 
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Next,  consider  the  case  of  a  yielding  spring.  Assume  an  ideally  plastic 
material  for  this  trial  analysis,  realizing  that  some  actual  difference  in 
performance  will  result,  but  the  concept  will  hold. 

M 


Mp  — 


That  is,  Mp  (full  plastic  moment)  equals  (yield  moment).  If  there  were 
an  -las tic  phase 


6  6 

X  =  -  t - -  sin  iht 

oc  OOP 


and 


6  6 

X  - - —  cos  U/t 


Assume  that  the  spring  yields  immediately,  i.e.  ,  X  =  X^  at  t  =  0.  The  non-e 
elastic  phase  of  motion  is  described  by  the  following  differential  equation. 


MX  +  kX  =0  for  T  s  0 

y 


or,  with  w  =  k/M 


X  =  -  W“X 
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Since  it  is  assumed  that  X  =  X  . ,  that  is,  the  spring  is  on  the  thresh- 

y  st 


old  of  yield  due  to  the  static  load  in  t  =  t  =  0, 


X  =  -  I  T2 
2 


Since 


T1  =  X  -  X, 


and 


\  =  «T> 


6  g  2 

•n  =  — T-f  T 

1  cc  2 


The  foregoing  function  is  illustrated  below  and  shows  an  increasing  net 
disnlacement  with  time. 
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This  function  would  provide  a  desirable  preload  force,  i.e.,  Pv  is  constant. 
That  is,  if  one  had  an  ideally  plastic  spring  and  could  provide  a  preload  just 
below  yield  of  the  spring,  the  resistance  function  shown  in  Fig.  3-18  could  be 
dynamically  provided,  i.e.,  the  static  equivalent  resistance  function  could  be 
maintained  under  dynamic  test  conditions. 

Note  in  Fig.  3-18,  if  the  wall  pivots  about  the  center  line,  the  elastic 
portion  of  the  system  is  modeled  accurately,  but  the  post-fracture  resistance 
portion  is  reduced.  Alternately,  if  preload  is  provided  at  the  tension  face, 
the  post-fracture  behavior  is  correctly  modeled ,  and  the  pre-fracture  behavior 
is  enhanced. 

Next  one  must  consider  a  "real  world"  spring.  In  order  to  have  an  appli¬ 
cable  spring  constant  or  load  deflection  curve,  the  actual  yielding  portion 
(bars)  of  the  preload  structure  (see  Fig.  3-20)  were  statically  tested  as  shown 
below.  The  results  are  plotted  in  Fig.  3-19. 


From  Fig.  3-19,  the  resistance  function  shown  in  Fig.  3-21  evolved.  That 
is,  if  the  preload  pivot  is  placed  at  the  tension  face  of  the  wall,  both  pre¬ 
fracture  and  post-fracture  strengths  are  enhanced  by  the  test  set  up.  Alter¬ 
nately,  if  we  elect  to  pivot  the  wall  about  the  center  line,  the  pre-fracture 
strength  is  correctly  modeled  as  in  the  ideally  plastic  material,  and  the  post¬ 
fracture  strength  is  closer  to  the  proposed  shifting  resistance  line  than 
the  ideal  spring  provides. 
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3-19,  Preload  vs  Deflective  Curve  for 
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Fig.  3-20.  Preload  System  Configuration 
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In  order  for  a  wall  to  collapse,  there  must  be  fracturing;  therefore,  this 
is  a  necessary  condition  for  collapse.  In  addition,  there  must  be  enough  en¬ 
ergy  in  the  loading  to  overcome  the  post-fracture  resistance;  therefore,  this 
is  a  sufficient  condition  for  collapse. 

The  decision  was  made  to  hold  the  pivot  point  at  the  center  of  the  wall 
for  the  following  reasons: 

1.  One  of  the  desired  goals  is  to  establish  lower  bounds  on  failuie; 
hence,  it  is  undesirable  to  enhance  the  pre-fracture  strength. 

2.  The  URS  test  walls  seem  more  probable  to  have  strengths  greater  than 
150  psi:  hence,  the  pre-fracture  resistance  is  enough  higher  than  the 
post-fracture  resistance  to  make  the  pre-fracture  times  more  inter¬ 
esting. 

3.  This  being  the  first  preload  test  series,  there  is  ample  opportunity 
to  alter  the  scheme  after  evaluating  some  of  the  test  data. 

Preload  Wall  Panel  Test  Results 


A  total  of  four  8- in.  nonreinforced  brick  preloaded  wall  panels  were 
tested  during  this  reporting  period.  The  wall  numbers  and  preload  values  are 
summarized  below. 


WALL  NO. 

PRELOAD  (lb) 

54 

16,500 

65 

16,500 

66 

23,500 

67 

23,500 

Test  Results,  Wall  No.  64  -  Two  one  strand  Primacord  tests  were  conducted  on 
this  wall  panel.  The  measured  peak  reflected  overpressure  for  both  tests  was 
approximately  1.5  psi.  On  the  first  test  (No.  08-30-71-01)  the  wall  cracked 
but  did  not  collapse.  The  first  crack  gage  indicated  a  crack  at  62  msec, 
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which  is  the  time  of  the  second  maximum  positive  deflection.  The  second  crack 
gage  broke  at  87  msec,  which  is  7  msec  after  the  second  negative  maximum  de¬ 
flection.  The  third  crack  gage  broke  at  100  msec,  which  is  the  time  of  the 
third  positive  maximum  deflection.  The  crack,  which  showed  very  little  spall¬ 
ing,  was  horizontal  along  one  course  of  bricks  and  was  located  just  above  the 
midpoint  of  the  wall.  The  maximum  measured  load  obtained  by  summing  all  load 
cells  was  18,600  lb  at  about  20  msec  vs  a  predicted  21,600  lb  reaction,  i.e., 
DLF  =  1.73.  On  the  second  test  (No.  08-30-71--02) ,  the  wall  collapsed  and  all 
debris  landed  within  10  ft.  The  maximum  measured  load  for  this  second  test  was 
2,900  lb  measured  at  approximately  15  msec.  Pre-  and  post-test  photographs  ol 
this  wall  are  shown  in  Fig.  3-22  and  a  plot  of  displacement  as  a  function  of 
time  is  presented  in  Fig.  3-23. 

Test  Results,  Wall  No.  65  -  A  single  test  (No.  09-07-71-01),  using  one  strand 
of  Primacord  was  conducted  on  the  wall .  The  measured  peak  reflected  overpres¬ 
sure  was  1.6  psi  and  the  wall  collapsed  with  all  debris  landing  within  10  ft. 
Crack  gages  indicated  a  crack  at  one  of  the  off-center  gages  at  19  msec  which 
closed  again  at  20  msec  and  then  reopened  at  24  msec.  The  other  two  gages  in¬ 
dicated  cracks  at  25  msec.  The  maximum  measured  load  was  11,700  lb  at  approx¬ 
imately  20  msec.  A  plot  of  displacement  vs  time  for  this  test  is  presented  in 
Fig.  3-24. 

Test  Results,  Wall  No,  66  -  A  single  one  strand  test  (No.  09-13-71-01)  was  con¬ 
ducted  which  gave  a  measured  peak  reflected  overpressure  of  1.6  psi.  The-  wall 
cracked  on  this  test  and  was  not  tested  again.  The  crack  gages  indicated 
cracks  at  the  two  off-center  gages  at  18  and  24  msec.  The  middle  crack  gage 
indicated  a  crack  at  66  msec.  Slight  spalling  was  noted  cn  the  downstream 
(tension)  side  of  the  wall.  However,  on  the  upstream  (compression)  side  of 
the  wall,  an  open  crack  was  visible  and  considerable  spalling  was  noted.  The 
crack  was  not  along  one  row  of  bricks  but  included  3  courses  of  bricks  with 
diagonal  cracks  going  through  the  bricks  to  reach  the  next  course.  The  maxi¬ 
mum  measured  load  was  7,500  lb. 
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.  3-22.  Pre-  and  Post-Test  Photographs  of  Wall  No.  64,  (No.  08-30-71-02) 
a  8  in.  Nonreinl'orced  Brick  Wall  with  16,500  lb  Preload-Measured 
Peak  Reflected  Overpressure  of  1.5  psi 
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3-23.  Displacement  as  a  Function  of  Time.  Wall  No.  64,  Nonreinforced 
Preloaded  Brick  Wall  (No.  08-30-71-02) 
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Test  Results,  Wall  No.  67  -  This  wall  was  exposed  to  a  measured  peak  reflected 
overpressure  of  6.1  psi  (Test  No.  09-16-71-01).  The  wall  collapsed  and  debris 
was  scattered  more  than  40  ft  with  most  of  the  debris  between  10  and  30  ft. 

The  three  crack  gages  indicated  cracks  at  8  msec,  8  msec,  and  9.5  msec.  The 
maximum  measured  load  was  34,000  lb  at  approximately  10  msec.  A  plot  of  dis¬ 
placement  as  a  function  of  time  is  presented  in  Fig.  3-25. 

These  four  preloaded  walls  behaved  as  predicted  with  an  individual  thresh¬ 
old  of  failure  (that  is,  where  cracks  first  appeared)  of  around  1.5  psi  and  an 
elastic  strength  increase  from  preload  induced  by  a  3-story  curtain  wall  or 
equivalent  of  the  order  of  10  percent  which  is  far  less  than  the  scatter  of 
material  properties.  This  failure  load  infers  an  average  modulus  of  rupture 
a;  180  psi  which  is  more  like  the  static  test  data  then  failure  theory  pre¬ 
dictions,  see  pg.  3-11. 
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Section  4 

WALLS  WITH  A  DOORWAY 

This  section  of  the  report  presents  the  results  from  a  loading  test  series 
of  exterior  walls  with  doorways,  a  discussion  of  some  analytical  work  accom¬ 
plished  on  this  test  geometry,  and  the  results  of  two  structural  wall  panel 
tests  of  8  in.  nonreinforced  brick  wall  panels  with  doorways.  All  of  these 
tests  were  conducted  during  this  reporting  period. 

LOADING  STUDY  TESTS 

The  instrumentation  locations  for  the  loading  tests  are  shown  in  Fig.  4-1. 
The  loading  information  required  for  a  wall  with  an  opening  is  more  complex 
than  that  required  for  the  solid  wall  discussed  in  Section  3  because  the  blast 
wave  can  enter  the  opening  which  relieves  the  pressure  on  the  front  or  blast- 
ward  side  of  the  wall  and  also  loads  the  back  side  of  the  wall.  Thus,  one  of 
the  most  interesting  parameters  is  the  net  load  or  the  difference  between  the 
load  imposed  on  the  front  and  back  of  the  wall.  As  shown  in  Fig.  4-1,  three 
pairs  of  gages  are  installed  on  the  nonfailing  wall  with  gages  A,  B  and  D  in¬ 
stalled  on  the  front  (toward  the  blast)  and  gages  H,  G  and  E  installed  at  sim¬ 
ilar  locations  on  the  back  of  the  wall.  The  net  load  at  a  point  12  in.  from 
the  doorway  (i.e. ,  the  location  of  gage  pair  A-H)  would  then  be  the  differe.  ci 
between  the  overpressures  as  a  function  of  time  measured  at  gage  A  and  H.  h 
so  shown  in  Fig.  4-1  are  the  two  shock  tunnel  monitor  stations,  gages  7  and 
on  the  wall  of  the  tunnel.  Typical  pressure  gage  traces  and  the  digital  data 
from  this  test  series  are  presented  in  Appendix  B.  Summary  plots  for  the  gage 
pairs  A-H,  B-G,  and  D-E  for  one  strand,  three  strand,  and  five  strand  tests  are 
given  in  Figs.  4-2  through  4-10. 
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Fig.  4-1.  Instrumentation  Location  for  Loading  Study  Tests  wi 


Loading  Study  Tests  01-16-70-04,  -05,  and  -06.  Gage  Pair  A-H 


Average  Net  Pressure  as  a  Function  of  Time  for  One  Strand  Doorway 
Loading  Study  Tests  01-16-70-04,  -05,  and  -06.  Gage  Pair  B-G 


Fig.  4-5.  Average  Net  Pressure  as  a  Function  of  Time  for  Three  Strand  Doorway  Loading  Study 
Tests  01-16-70-03,  01-19-70-01  and  -02.  Gage  Pair  A-H 


Fig.  4-8.  Average  Net  Pressure  as  a  Function  of  Time  for  Five  Strand  Doorway  Loading  Study 
Tests  01-19-70-03,  -04,  and  01-20-70-01.  Gage  Pair  A-H 
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THEORETICAL  CONSTRAINTS  -  to 11s  with  a  Doorway 

To  make  calculations  and  predictions  of  this  test  geometry,  the  value  of 
the  more  advanced  and  complete  analysis  procedures  made  available  with  the 
SAMIS  computer  code  becomes  obvious.  When  an  opening  (such  as  a  door)  is  made 
in  a  wall  panel,  not  only  does  the  structure  ai  .  its  response  change,  but  the 
loading  function  changes  even  more  dramatically.  With  changes  such  as  this, 
manual  analysis  becomes  almost  impossible. 

The  structural  modeling  for  a  brick  wall  with  a  doorway  using  the  SAMIS 
computer  code  is  shown  in  Fig.  4-11.  The  wall  is  the  basic  8-  by  12-ft  by 
8-in.  brick  wall  with  a  3-ft  doorway  cut  from  the  right-hand  side.  The  facets 
shown  in  the  shaded  area  are  removed  from  the  computation. 

A  good  deal  of  effort  was  expended  trying  to  determine  an  acceptably  ac¬ 
curate  loading  for  the  computer  code.  The  dynamic  response  prediction  is  a 
step-by-step  numerical  integration  cf  structural  behavior;  hence,  loading  must 
be  supplied  to  each  facet  at  each  time  increment  used  in  the  numerical  integra¬ 
tion. 

In  the  case  of  the  doorway ,  each  facet  is  loaded  differentl'  at  each  time 
period,  and  input  loads  must  be  supplied  at  an  interval  between  1/10  and  1/20 
of  the  highest  period  of  the  structure.  For  our  system  this  meant  one  load 
every  0.1  msec  or  2r.O  input  loads  per  mass  for  a  25  m&e  response  prediction. 
However,  the  computi  *•  code  lias  a  built-in  feature  whereby  it  can  generate  lin¬ 
early  interpolated  loads  between  points  supplied. 

Thus,  to  simplify  the  computation  process  by  reducing  the  number  of  data 
points  handled,  straight-line  approximations  of  the  pressure-time  plots  ob¬ 
tained  from  the  loading  study  are  made.  The  rationale  behind  the  use  of  this 
simplified  data  input  is  presented  in  detail  in  Ref.  5,  and  a  typical  example 
of  SAMIS  input  data  presented  in  this  reference  is  given  in  Fig.  4-12.  This 
input  data  was  ba3<-u  preliminary  loading  study  data  analysis  available  at 
that  time.  Comparisons  of  these  straight-line  approximations  with  the  pres¬ 
ently  available  data  from  Figs.  4-5  through  4-7  is  shown  in  Fig.  4-13. 


4-12 


7030  -7 

It  is  possible  that  some  minor  adjustments  could  be  made  to  better 
approximate  the  measured  loading  study  data;  however,  the  overall  correlation 
is  quite  good,  and  it  is  anticipated  that  these  minor  changes  will  not  sig¬ 
nificantly  affect  the  previous  computer  prediction  of  this  test  geometry. 

Some  of  these  predictions  are  shown  in  Figs.  4-14  through  4-19,  which  illus- 
trate  the  deflection  contours  (normalized  to  one  psi)  for  an  8-in.  brick  wall 
with  a  doorway  for  each  millisecond,  for  times  12  msec  through  17  msec. 

In  Fig.  4-14,  the  deflection  nearest  the  tunnel  wall  is  greater  than  that 
near  the  door  (25  percent  greater).  This  i.®  intuitively  pleasing  because  the 
higher  loads  remain  lorger  near  the  wall;  thr  rarefaction  wave  relieves  the 
load  near  the  door  first.  Moving  forward  in  .ie  (see  Figs.  4-15  through 
4-19),  a  uniformly  deflected  wall  is  approached  at  about  14  msec,  which  might 
be  called  the  fundamental  half  period,  i.e.,  T  =  28  msec.  As  time  progresses, 
we  observe  that  at  t  =  17  msec,  a  peak  displacement  is  achieved  adjacent  to 
the  doorway.  This  interesting  phenomenon  is  further  illustrated  in  Fig.  4-20 
on  a  time  vs  displacement  plot  for  Nodes  10  (at  wall),  210  (center  of  panel), 
and  410  (next  to  the  doorway).  From  this  figure  it  is  apparent  that  failure 
is  expected  to  begin  adjacent  to  the  wall  more  often  than  adjacent  to  the 
doorway. 

Some  preliminary  calculations  have  been  done  to  predict  the  fracture 
stress  of  8-in.  nonreinforced  brick  walls  with  doorways.  This  required  refer¬ 
ence  to  the  basic  static  test  data  summarized  in  Section  7.  By  using  the 
failure  theory  and  the  basic  brick  data,  the  fracture  stress  plot  (shown  in 
Fig.  4-21)  and  the  flexure  stress  plot  (shown  in  Fig.  4-22)  were  obtained. 

This  data  would  predict  a  mean  fracture  stress  cf  130  psi,  a  probable  fracture 
time  (crack)  at  between  11  and  12  msec,  a  most  probable  stress  of  162  psi,  and 
no  failure  at  a  1  psi  reflected  overpressure.  Figure  4-23  is  a  computer  pre¬ 
diction  for  the  load  cells,  which  also  aids  in  the  test  prediction  correlations. 

* 

To  derive  deflections  for  loadings  other  than  one  psi,  multiply  the  deflec¬ 
tions  on  Fig.  4-14  through  4-19  by  the  actual  loading. 


Wall  with  Doorway  Deflection  Contour  (in.)  at  12  msec,  Normal 


Doorway  Deflection  Contour  (in.)  at  14  msec,  Normalized  to  1  psi  Loading 


Fig.  4-17.  Wall  with  Doorway  Deflection  Contour  (in.)  at  15  msec.  Normalized  to  1  psi  Loading 


Doorway  Deflection  Contour  (in.)  at  16  msec,  Normalized 
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Fig.  4-19.  Wall  with  Doorway  Deflection  Contour  (in.)  at  17  msec.  Normalized  to  1  psi  Loading 
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Fig.  4-20.  Displacement  vs  Time  Plot  for  Wall  with  Doorway, 
Normalized  to  1  psi  Loading 


Fig.  4-21.  Extreme  Probability  Plot  of  Fracture  for  8-  x  12-ft  x  8-in.  Walls  with  Various  Support  Con 
ditions  and  a  3-  x  8-ft  Doorway  (based  on  static  test  data  and  "failure  theory”) 
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Fig.  4-22.  Doorway  Wall  Panel  Stress  Area  of  Node  10 
Normalized  to  1  psi  Loading 
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STRUCTURAL  WALL  PANEL  TESTS  -  Walls  with  a  Doorway 

During  this  reporting  period  two  8-in.  nonreinforced  brick  structural 
wall  panels  with  a  doorway  were  tested.  These  were  Wall  No.  45  (Test  Nos. 
02-24-71-01  and  -02)  and  Wall  No.  48  (Test  Nos.  02-26-71-01  through  -05).  The 
doorways  in  these  walls  were  33-1/2  in.  wide,  wero  on  the  east  side  of  the 
walls,  and  ran  from  floor  to  ceiling.  The  solid  portion  of  the  walls  was  99 
in.  high  and  102-3/4  in.  wide,  makirg  the  open  area  of  the  doorway  approximate¬ 
ly  17.5  percent  of  the  total  area.  A  ni.  >tograph  of  one  of  these  walls  in  place 
in  the  Shock  Tunnel  is  shown  in  Fig.  4-24. 

Wall  No.  45  -  8-in.  Nonreinforced  Brick  Wall  with  Doorway 

This  wall  was  tested  twice.  In  the  first  test  (No.  02-24-71-01)  a  small 
charge  of  approximately  12  ft  of  Primacord  was  used  to  "plink"  the  wall  and 
obtain  the  natural  period  of  the  wall  as  installed  in  the  Shock  Tunnel.  The 
measured  natural  period  for  this  wall  was  33  msec. 

The  second  test  (No.  02-24-71-02)  used  two  60-ft  strands  of  Primacord 
which  yielded  3.6  psi  peak  reflected  overpressure  on  the  wall.  The  wall  fail¬ 
ed  with  a  crack  gage  indicating  a  break  at  11  msec.  (Due  to  a  problem  in  the 
recording,  all  crack  gages  recorded  at  the  same  time,  so  that  the  particular 
gage  which  broke  first  is  unknown.)  As  noted  from  the  motion  picture  films, 
this  crack  was  horizontal  and  at  the  center  of  the  wall. 

The  two  halves  of  the  wall  rotated  out  of  the  support  frame  with  the  low¬ 
er  half  rotating  until  it  struck  the  floor.  The  upper  half  rotated  90  degrees 
and  landed  directly  on  top  of  the  lower  half.  The  maximum  total  load,  as  meas¬ 
ured  by  the  load  cells  located  at  the  four  corners  of  the  wall  panel,  was 
32,000  lb.  A  post- test  photograph  of  the  wall  is  presented  in  Fig.  4-25a.  A 
plot  of  displacement  as  a  function  of  time  for  this  test  is  presented  in  Fig. 
4-26. 
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Fig.  4-24. 


Pre-Test  Photograph  of  an  8  in.  Nonre info reed 
Brick  Wail  with  Doorway  Placed  in  the  Tunnel 
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Wall  No.  48  -  8-in,  Nonreinforced  Brick  Wall  with  Doorway 

Five  tests  were  conducted  on  this  wall  panel.  The  first  test  (No.  02-26- 
71-01)  used  a  short  length  of  Primacord  (approximately  10  ft)  and  was  conduct¬ 
ed  to  obtain  the  natural  period  of  the  wall.  This  was  again  found  to  be  33  msec. 

The  next  three  tests  (02-26-71-02,  -03  and  -04),  using  one  strand  of  Pri¬ 
macord,  subjected  the  wall  panel  to  a  peak  reflected  overpressure  of  1.7  psi 
with  a  100  msec  positive  phase  duration.  The  purpose  of  these  tests  was  to 
gain  information  on  multiple  loadings  and  fatigue.  No  visible  damage  was 
caused  by  these  tests. 

The  fifth  test  (No.  02-26-71-05)  used  two  60-ft  lengths  of  Primacord  and 
subjected  the  wall  panel  to  a  peak  reflected  overpressure  of  3.5  psi.  Three 
crack  gages  were  placed  on  this  wall.  The  first,  located  farthest  from  the 
door,  broke  first  at  16  msec.  The  second  gage,  at  the  middle  of  the  wall,  fol¬ 
lowed  at  24  msec,  and  the  one  next  to  the  door  failed  at  28  msec.  This  pattern 
was  expected,  based  on  the  deflection  predictions  shown  in  Figs.  4-14  through 
4-19.  The  wall  panel  failed  with  a  failure  process  very  similar  to  Wall  No. 

45,  and  the  total  load,  as  measured  by  the  load  cells  for  this  test,  was  26,000 
lb.  A  post-test  photograph  of  this  wall  is  shown  in  Fig.  4-25b,  and  a  plot  of 
displacement  as  a  function  of  time  is  presented  in  Fig.  4-27. 

SUMMARY 

As  with  the  solid  walls,  the  experiments  have  been  well-behaved  and  with¬ 
in  predicted  ranges. 

For  example,  one  would  expect  a  reasonable  probability  of  failure  at  one 

strand  or  1.5  psi  if  O  is  small  enough.  From  our  SAMIS  prediction,  at  p  = 

r  r 

1.5  we  have  a  flexural  stress  of  0 ^  225  psi  (see  Fig.  4-22).  The  failure 

theory  curve  (Fig.  4-21)  indicates  that  there  would  be  a  99  percent  chance  of 

failure.  Wall  No.  45  failed  with  =  3.5  psi  (0^  ^  525  psi  as  in  Fig.  4-22), 

whereas  Wall  No.  48  survived  three  one-strand  shots  with  a  peak  of  1.7  psi  and 

failed  with  p  =  3.5  psi;  hence,  225  <  O  £  525. 
r  r 
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TIME,  MSEC 


Fig.  4-27.  Displacement  as  a  Function  of  Time  for  Wall  No.  48, 
8-in.  Nonreinforced  brick  with  Doorway 
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If  a  wall  survived  1.7  psi,  one  would  expect  that  at  failure  one  would 

get  a  reaction  equal  to  or  greater  than  the  predicted  load  cell  readings  from 
SAMIS. 


Reaction  Predicted  =  24,200  lb  (nonfailing  wall) 
Wall  45  (at  failure)  =  26,000  lb 
Wall  48  (at  failure)  =  32,000  lb 
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Section  5 

WALLS  WITH  A  VINDOW 

This  section  includes  the  results  from  a  loading  study  test  series  of  ex¬ 
terior  walls  with  windows;  a  discussion  of  the  preliminary  analytical  work 
completed  on  this  test  geometry;  and  the  results  of  two  tests  of  8-in.  nonrein- 
forced  brick  v/all  panels  with  windows,  and  two  tests  of  8-in.  nonreinforced 
concrete  block  wall  panels  with  windows,  all  four  of  which  were  conducted  dur¬ 
ing  this  reporting  period. 

LOADING  STUDY  TESTS 

During  this  loading  study  program  two  window  sizes  were  investigated, 

62  X  64  in.  (a  27  percent  opening)  and  38  X  62  in.  (a  16  percent  opening).  The 
instrumentation  locations  for  tests  with  each  of  these  window  sizes  is  shown 
in  Figs.  5-1  and  5-2.  It  will  be  noted  in  these  figures  that  pairs  of  gages 
are  installed  on  the  wall  to  obtain  net  load  at  each  point  on  the  wall,  as  was 
discussed  in  Section  4  for  the  doorway  geometry.  Typical  gage  traces  and  the 
digitized  data  for  this  test  series  are  presented  in  Appendix  C.  Summary  plots 
for  the  three  gage  pairs  A-E,  C-G,  and  D-H,  for  one,  three,  and  five  strand 
tests  with  each  of  the  window  sizes  are  presented  in  Figs.  5-3  through  5-19. 
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Gages  E,  G  and  H  are  on  back  of  the  wall. 
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Fig.  5-1.  Instrumentation  Location  for  Loading  Study  Tests  with  62  x 
64  in.  Window 
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Gages  E,  G  and  H  are  on  back  of  the  wall. 
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Fig.  5-2.  Instrumentation  Location  for  Loading  Study  Tests  with  38  x 
62  in.  Window 


Fig.  5-3.  Average  Net  Pressure  as  a  Function  of  Time  for  One  Strand  62  x  64  in.  Window 
Loading  Study  Tests  01-23-70-01,  -02,  and  -03.  Gage  Pair  A-E 


Average  >Tet  Pressure  as  a  Function  of  Time  for  One  Strand  62  X  64  in.  Window 
Loading  Study  Tests  01-23-70-01,  -02  and  -03.  Gage  Pair  C-G 


Net  Pressure  as  a  Function  of  Time  for  Three  Strand  62  X  64  in.  Window 
Study  Tests  01-26-70-01,  02-09-70-03  and  -02.  Gage  Pair  A-E 
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Fig.  5-7.  Average  Net  Pressure  as  a  Function  of  Time  for  Three  Strand  62  X  64  m.  Window 
Loading  Study  Tests  01-26-70-01,  02-09-70-01  and  -02.  Gage  Pair  C-G 


Fig.  5-9.  Average  Net  Pressure  as  a  Function  of  Time  for  Five  Strand  62  X  64  in.  Window 
Loading  Study  Test  02-10-70-01,  -02,  -03  and  02- -70-01 .  Gage  Pair  A-E 


Fig.  5-10.  Average  Net  Pressure  as  a  Function  of  Time  for  Five  Strand  62  X  64  in.  Window 
Loading  Study  Test  02-10-70-01,  -02,  -03  and  02-11-70-01.  Gage  Pair  C-G 
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Fig.  5-12.  Average  Net  Pressure  as  a  Function  of  Time  for  One  Strand  38  X  62  in.  Window 
Loading  Study  Tests  02-25-70-02,  -03  and  -04.  Gage  Pair  A-E 


Fig.  5-13.  Average  Net  Pressure  as  a  Function  of  Time  for  One  Strand  38  X  62  in.  Window 
Loading  Study  Test  02-25-70-02,  -03  and  -04.  Gage  Pair  C-G 


Fig.  5-14.  Average  Net  Pressure  ns  a  Function  of  Time  for  One  Strand  38  X  62  in.  Window 
Loading  Study  Tests  02-25-70-02,  -03  and  -04.  Gage  Pair  D-H 


Fig.  5-15.  Average  Net  Pressure  as  a  Function  of  Time  for  Three  Strand  38  X  62  in.  Window 
Loading  Study  Test  02-25-70-05,  -06  and  -07.  Gage  Pair  A-E 


Fig.  5-16.  Average  Net  Pressure  as  a  Unction  of  Time  for  Three  Strand  38  X  62  in.  Window 
Loading  Study  Test  02-25-7.. -05 ,  -06  and  -07.  Gage  Pair  C-G 


Fig.  5-17.  Average  Net  Pressure  as  a  Function  of  Time  for  Three  Strand  38  X  62  in.  Window 
Loading  Study  Test  02-25-70-05,  -06  and  -07.  Gage  Pair  D-H 
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Loading  Study  Test  02-26-70-01,  -02  and  -03.  Gage  Pair  C-G 
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THEORETICAL  CONSIDERATIONS  -  Walls  with  Windows 

The  format  of  the  analytical  effort  was  basically  the  same  as  described 
in  Section  4  for  doorways.  That  is: 

1.  Selection  of  a  structural  model  for  SAMIS. 

2.  An  approximation  of  load  form  from  loading  tests. 

3.  Plotting  of  selected  output. 

4.  Interpretation  for  testing  and  prediction. 

5.  Correlation  with  test  data. 

STRUCTURAL  MODEL 

Figure  5-20  illustrates  the  facet  pattern  and  Fig.  5-21  the  nodal  pattern 
used  in  the  SAMIS  analysis.  Note  that  only  one-quarter  of  the  wall  is  used, 
as  the  wall  is  symmetric  about  both  the  x  and  y  axis,  whereas  the  doorway  is 
only  symmetric  about  the  x  axis.  The  facet  size  is  reduced  in  the  area  of  the 
corner  of  the  window  to  increase  the  accuracy  of  stress  predictions  in  the  area 
of  stress  concentrations. 

LOADING 

The  loading  at  each  point  used  for  input  is  shown  below  for  three  strands. 
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This  loading  was  used  for  all  facets  on  the  wall  because  loadings  at  different 
gage  locations  did  not  deviate  significantly  one  from  another  as  was  the  case 
for  the  doorway. 

COMPUTER  PREDICTIONS 

Figures  5-22  through  5-29  are  a  few  selected  figures  plotted  from  the 

SAMIS  output  for  an  8-in.  brick  wall  with  windows  for  a  peak  reflected  pressure 

(p  )  of  1  psi.  The  figures  are  somewhat  self-explanatory  with  Figs.  5-22 
r 

through  5-24  illustrating  deflection  contours  with  time;  Fig.  5-25  is  a  olot 
of  velocity  and  deflection  vs  time  for  Mode  60.  Figure  5-26  is  a  plot  of  the 
predicted  load  cell  trace,  and  Figs.  5-27  and  5-28  plot  stress  vs  time  for  ele¬ 
ments  22  and  34  in  the  corner  region  of  the  window.  The  angle  9  plotted  on 
Figs.  5-27  and  5-28  are  the  angles  of  the  tensile-stress  trajectory  measured 
clockwise  from  a  vertical,  i.e.  ,  they  are  normal  for  the  projected  crack  (see 
Fig.  5-29). 

From  the  stress  predictions,  we  see  that  a  one-strand  shot  (pr  =  1  psi 
for  modeling  purposes)  produces  corner  stresses  on  the  order  of  110  psi. 

Hence,  there  was  a  reasonable  probability  of  flexural  failure  with  one- 
strand  shots. 

TEST  RESULTS  -  Walls  with  Windows 

During  this  reporting  period,  two  8-in.  nonreinf orced  brick  walls  with 
windows  and  two  8-in.  nonreinforced  concrete  block  walls  with  windows  were 
tested.  All  walls  were  supported  as  simple  beams. 

The  brick  walls  (Wall  Nos.  56  and  57)  were  nominally  12  ft  wide  and  8-1/2 
ft  high,  including  the  steel  support  frame.  Each  wall  included  a  62  in.  X 
38-1/2  in.  open  window.  A  pre-test  photograph  of  one  of  the  walls  and  a  dimen¬ 
sional  sketch  are  presented  in  Fig.  5-30. 
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Fig.  5-24 .  Deflection  Contours  (in.),  t  =  0.015  sec,  Normalized  to  1  psi  Loading 


STRESS  ( psi) 


Wmi 


0  5  10  15  20  25 

TIME  (itiseq) 


Fig.  5-28.  Plot  of  Stress  vs  Time  and  9  vs  Time  for  Element  No.  34 
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Wall  No.  56  -  8  in.  Nonreinforced  Brick  Wall  with  Window 

This  wall  was  tested  once  (Test  No.  02-18-71-01)  using  two  strands  of 
Primacord.  The  measured  maximum  reflected  overpressure  was  3.6  psi.  The  wall 
failed  with  first  cracks  appearing  horizontally  at  the  top  and  bottom  of  the 
window.  The  wall  collapsed  with  the  bottom  section  rotating  until  impact  with 
the  floor  and  the  top  section  rotating  90  degrees  and  landing  on  top  of  the 
bottom  section.  One  window  side  panel  separated,  and  the  other  remained  at¬ 
tached  to  the  cop  section  until  impact  with  the  floor.  The  maximum  total  load 
as  measured  by  the  load  cells  was  28,000  lb.  A  plot  of  displacement  as  a  func¬ 
tion  of  time  for  this  test  is  presented  in  Fig.  5-31  and  a  post-test  photograph 
in  Fig.  5-32. 

Wall  No.  57  -  8  ir. .  Nonreinforced  Brick  with  Window 

Four  tests  were  conducted  on  this  wall  panel.  The  first  three  (03-05-71- 
01,  -02  and  -03)  used  one  strand  of  Primacord  and  subjected  the  panel  to  a 
measured  peak  reflected  overpressure  of  1.3  psi  and  a  net  load  of  approximately 
0.5  psi  (see  Figs.  5-4  and  5-5). 

During  the  first  test,  cracks  appeared  at  19  and  79  msec.  These  cracks 
increased  in  size  with  the  two  subsequent  loadings,  and  after  the  third  test, 
compression  cracks  about  1  in.  deep  were  noted  on  the  upstream  side. 

The  fourth  test  (03-05-71-01)  used  two  strands  of  Primacord  and  subjected 
the  wall  to  a  measured  peak  reflected  overpressure  of  3.8  psi.  The  wall  fail¬ 
ed  with  the  bottom  section  rotating  until  striking  the  floor  and  the  top  sec¬ 
tion  rotating  90  degrees  and  landing  on  the  bottom  section.  One  side  panel 
separated,  and  the  other  remained  attached  to  the  top  section.  The  maximum 
total  load  measured  by  the  load  cells  was  13,500  lb.  A  post-test  photograph 
of  this  wall  is  presented  in  Fig.  5-33  and  a  plot  of  displacements  as  a  func¬ 
tion  of  time  in  Fig.  5-34. 

The  two  concrete  block  walls  (Test  Nos.  60  and  61)  were  nominally  12  ft 
wide  and  8-1/2  ft  high  including  the  steel  support  frame;  each  contained  a 
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39  in.  high  x  62  in.  wide  window.  The  wall  was  nonreinforced  and  constructed 
of  standard  15-1/2  X  7-l/2  X  7-l/2  in.  concrete  blocks,  A  pre-test  photograph 
of  Wall  No.  60  and  a  dimensional  sketch  of  the  wall  are  shown  in  Fig.  5-35. 

Wall  No.  60  -  8  in.  Nonreinforced  Concrete  Block  with  Window 

The  first  test  (04-26-7l-01)  conducted  on  this  wall  used  a  short  (approx¬ 
imately  10  ft)  length  of  Primacord  to  obtain  a  measure  of  the  natural  period. 
This  was  measured  as  29  msec.  The  wall  cracked  at  79  msec  and  numerous  cracks 
were  visible  in  the  wall  after  the  test. 

In  the  second  test  (04-26-7l-02) ,  which  used  one  60  ft  strand  of  Primacord, 
the  wall  failed  with  the  majority  of  debris  landing  within  15  ft  and  small 
pieces  as  far  as  30  ft.  The  measured  peak  reflected  overpressure  was  approxi¬ 
mately  1.5  psi,  and  the  total  measured  load  obtained  from  the  load  cells  was 
8,100  lb  at  approximately  24  msec.  A  plot  of  displacement  as  a  function  of 
time  for  this  wall  is  presented  in  Fig.  5-36  and  post-test  photographs  in  Fig. 
5-37. 

Wall  No.  61  -  8  in.  Nonreinforced  Concrete  Block  with  Window 

This  wall  was  tested  three  times.  The  first  test  (05-l7-7l-01)  used  a 
10  ft  length  of  Primacord  to  obtain  the  natural  period  which  was  found  to  be 
30  msec.  The  wall  cracked  in  three  places  on  either  side  of  the  window  during 
this  shot  with  cracks  occurring  at  5  and  10.5  msec. 

The  second  test  (05-l7-7l-02)  used  one  strand  of  Primacord  60  ft  long 
which  gave  a  measured  overpressure  of  1.5  psi.  The  wall  did  not  collapse  and 
the  previous  visible  cracks  were  enlarged. 

The  third  test  (05-l7-7l-03)  also  used  one  strand  of  Primacord  60  ft  long 
which  gave  a  peak  measured  overpressure  of  1.5  psi.  The  wall  failed  with  the 
majority  of  the  debris  landing  within  15  ft  of  the  original  mounting  location. 
The  total  measured  load  obtained  from  the  load  cells  was  6,000  lb.  A  plot  of 
displacement  as  a  function  of  time  is  presented  in  Fig.  5-38  and  post-test 
photographs  in  Fig.  5-39. 
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Fig.  5-36. 


Displacement  as  a  Function  of  Time  for  Wall  No.  60,  8  in.  Nonrein- 
forced  Concrete  Block  with  Window  (Test  No.  04-26-71-02) 
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Fig.  5-37.  Post-Test  Photograph,  Wall  No.  60,  8  in.  Nonreinforced 
Concrete  Block  with  Window  (Test  No.  04-26-71-02) 
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DISCUSSION  OF  TEST  DATA  VS  PREDICTION 

Test  Wall  No.  56,  with  an  overpressure  of  3.6  psi,  failed  as  predicted 

with  cracks  propagating  from  the  corners  of  the  windows.  The  predicted  stress 

level  for  3.6  psi  is  =  400  psi,  which  is  well  above  the  maximum  strength  of 

the  brick  wall.  The  load  cell  prediction  is  38,300  lb.  On  this  test  the  crack 

gages  failed  to  function;  hence,  time  of  failure  was  not  determined.  However, 

the  load  cells  recorded  and  read  28,000  lb,  from  which  one  might  estimate  the 

failure  time  from  10  to  13  msec  (see  Fig.  5-31)  and  a  failure  stress  of  O  a 

/  I' 

320  psi. 

Wall  No.  57  was  first  subjected  to  a  1.3  psi  pressure  which  cracked  three 
of  the  four  corners.  SAMIS  predictions  are  0  -  145  psi,  load  cell  reading 
14,100  lb.  The  actual  reading  was  13,500  lb. 

Walls  60  and  61  were  concrete  block  walls  which,  as  predicted,  were  much 
weaker  than  the  brick  walls. 

In  general,  the  window  walls  behaved  as  predicted  and  provided  further 
verification  for  the  prediction  technique. 

The  concrete  block  walls  with  windows  both  failed  at  very  low  pressure  as 

expected.  From  the  static  test  data  CT  (average)  =  27  psi  and  Fig.  5-29  (ele- 

r 

ment  stress),  one  would  predict  wall  failure  at  p  =  0.25  psi  on  the  average 

r 

and  with  (max)  =  55  psi  pf  zs  0.5  psi. 
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Section  6 

ROOM  WITH  A  WINDOW 

One  of  the  more  interesting  test  geometries  is  the  case  where  the  exteri¬ 
or  wall  of  a  building  which  contains  windows  is  sufficiently  strong  so  that 
only  che  window  glass  fails,  and  the  blast  wave  enters  this  window  impinging 
on  the  interior  wall  at  the  back  of  the  room.  To  investigate  this  case,  a  room 
was  constructed  in  the  Shock  Tunnel  with  the  exterior  wall  (toward  the  blast 
wave)  a  nonfailing  wall  with  a  window.  The  interior  wall  was  a  solid  nonfail¬ 
ing  wall  for  the  loading  test  series  and  either  a  concrete  block  or  hollow  clay 
tile  wall  for  the  wall  panel  tests. 

LOADING  STUDY  TESTS 

The  window  used  in  the  front  nonfailing  wall  for  these  tests  was  62  in. 
wide  and  54  in.  high,  with  a  6-in.  wide  vertical  supporting  beam  located  at 
the  center  of  the  window.  The  effective  open  area  for  this  window  was  approx¬ 
imately  20  percent  of  the  total  wall  area.  The  room  was  approximately  15  ft 
long  and  had  a  smooth  wooden  floor  installed  over  the  trusses.  A  sketch  show¬ 
ing  the  test  geometry  and  the  gage  array  is  shown  in  Fig.  6-1.  Summary  plots 
of  the  data  from  the  three  gages  located  on  the  back  wall  (gages  W,  X  and  Y) 
are  presented  in  FigJ.  6-2  through  6-5. 

ANALYTICAL  WORK 

The  only  computation  and  analytical  work  performed  on  this  test  geometry 
to  date  has  been  the  wall  strength  predictions  based  on  the  static  test  re¬ 
sults  . 

With  the  rupture  modulus  "a  "  averaging  18  psi  for  clay  tile  and  27  psi 

r 

for  concrete  blocks,  one  expects  failure  at  rather  low  pressures.  From  the 
loading  test  data,  one  can  assume  that  the  pressure  is  relatively  uniform  across 
the  wall.  For  walls  with  a  natural  period  on  the  order  of  35  msec,  the  pres¬ 
sure  is  equivalent  to  a  step  load  of  1.4  psi  for  one  strand  of  Primacord.  The 
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Fig.  6-1.  Test  Setup  for  Window  Wall  Loading  Test  Series 
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stress  level  induced  by  this  much  load  Is  345  psi  for  concrete  block  and  540 
psi  for  clay  tile,  which  is  far  more  than  the  indicated  resistance;  hence, 
failure  is  expected. 

WALL  PANEL  TESTS 

Two  8  in.  thick  nonreinforced  concrete  block  interior  walls  (Nos.  58  and 
59)  and  two  approximately  6  in.  thick  nonreinforced  hollow  clay  tile  interior 
walls  (Nos.  62  and  63)  were  tested  in  this  room  geometry.  The  walls  were  nom¬ 
inally  12  ft  wide  and  8-1/2  ft  high,  including  the  steel  mounting  frame,  and 
were  located  15  ft  behind  the  nonfailing  wall  with  a  window  occupying  approxi¬ 
mately  20  percent  of  the  wall  area.  This  was  the  same  wall  used  in  the  load¬ 
ing  study.  The  walls  were  supported  as  a  simple  beam. 

The  concrete  block  walls  were  constructed  of  standard  15-1/2  X  7-1/2  X 
7-1/2  in.  blocks  with  1/2  in.  mortar  joints.  The  tile  walls  were  constructed 
of  standard  12  X  6  X  6  in.  hollow  clay  tile  with  one  glazed  face.  The  back 
face  was  covered  with  an  approximate  1  in.  layer  of  mortar. 

Wall  No.  58  -  8  in.  Nonreinforced  Concrete  Block  Interior  Wall 

The  first  test  (05-21-71-01)  with  a  10  ft  length  of  Primacord  cracked  the 
wall;  the  crack  gages  indicated  this  occurred  at  9  and  15  msec.  Post-test  in¬ 
spection  of  the  wall  indicated  a  horizontal  crack  all  the  way  across  the  wall. 
No  usable  natural  period  information  was  obtained. 

The  second  test  (05-21-71-02)  with  one  60  ft  length  of  Primacord  collapsed 
the  wall  with  most  of  the  debris  landing  within  15  ft;  pieces  were  found  as  far 
as  30  ft  from  the  original  position.  The  estimated  average  peak  reflected 
overpressure  ot>  the  wall,  based  on  the  loading  study,  was  1.5  psi  and  the  max¬ 
imum  load  obtained  from  the  load  cells  was  11,600  lb  at  about  22  msec.  A  plot 
of  displacement  as  a  function  of  time  is  presented  in  Fig.  6-6  and  pre-  and 
post- test  photographs  in  Fig.  6-7. 


L1  I.  1  1MJM  PI, ‘M "'  W 


Uf^i  7030-7 

Wall  No.  59  -  «f  in.  Nonreinforced  Concrete  Block  Interior  Wall 

Since  the  first  wall  (No.  58)  in  this  series  cracked  with  a  10  ft  length 
of  Primacord,  the  first  test  (No.  05-26-71-01)  on  this  wall  (No.  59)  was  con¬ 
ducted  with  a  2  ft  length.  The  shorter  length  caused  no  visible  damage  to  the 
wall,  and  was  so  low  it  was  difficult  to  obtain  an  accurate  measure  of  the  nat¬ 
ural  period.  From  the  data  available  the  natural  period  is  estimated  to  be  be¬ 
tween  30  and  35  msec. 

The  second  test  (05-26-71-02),  with  one  60  ft  length  of  °rimaeord ,  col¬ 
lapsed  the  wall  with  a  greater  spread  of  debris  J han  from  Wall  No.  58.  (See 

Fig.  6-8  for  post- test  photographs  of  this  wall.)  The  estimated  average  peak 
reflected  overpressure  was  1.4  psi,  and  the  maximum  load  obtained  from  the  load 
cells  was  10,500  lb.  The  three  crack  gages  indicated  crack  times  of  15.3, 

19.3,  and  20.4  msec. 

A  plot  of  displacement  as  a  function  of  time  is  presented  in  Fig.  6-9. 

Wall  No.  62  -  Nonreinforced  Hollow  Clay  Tile  Interior  Wall 

This  wall  was  also  tested  with  a  2  ft  length  of  Primacord  on  the  first 
test  (05-23-71-01).  No  damage  was  noted  and  the  estimated  natural  period  was 
37  msec. 

In  the  second  test  (05-23-71-02),  using  one  60  ft  length  of  Primacord, 
the  wall  collapsed  scattering  debris  as  far  as  30  ft.  The  three  crack  gages 
indicated  failure  at  21,  26,  and  26  msec.  The  estimated  average  peak  reflect¬ 
ed  overpressure  on  the  wall  was  1.5  psi  and  the  measured  load  from  the  load 

cells  was  9,800  lb  at  approximately  20  msec.  A  plot  of  displacement  as  a  func¬ 

tion  of  time  is  presented  in  Fig.  6-10;  post- test  debris  is  shown  in  Fig.  6-11. 

Wall  No.  63  -  Nonreinforced  Hollow  Clay  Tile  Interior  Wall 

The  first  test  (05-28-71-01),  using  a  2  ft  length  of  Primacord,  did  no 
visible  damage  to  the  wall.  The  response  cf  the  instrumentation  was  so  small 
that  it  was  impossible  to  obtain  a  measure  of  the  natural  period. 
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Fig.  6-9.  Displacement  as  a  Function  of  Time  for  Wall  No.  59,  Nonreinforced 
Concrete  Block  Interior  Wall  (Test  No.  05-26-71-02) 
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The  next  test  (05-28-71-01),  with  one  60  ft  strand  of  Primacord,  collaps¬ 
ed  the  wall  with  a  debris  pattern  similar  to  Wall  No.  62  (see  post-test  photo¬ 
graphs  in  Fig.  6-12).  The  estimated  average  peak  reflected  overpressure  was 
1.5  psi,  and  the  total  load  obtained  from  the  load  s  was  12,200  lb.  The 
three  crack  gages  indicated  failure  times  of  18,  22.5,  and  23  msec.  A  plot  of 
displacement  as  a  function  of  time  is  presented  in  Fig.  6-13. 
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Fig.  6-12.  Post- Test  Photographs,  Wall  No.  63,  Nonreinforced  Hollow 
Clay  Tile  Interior  Wall  (Test  No.  05-28-71-02) 
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Fig.  6-13.  Displacement  as  a  Function  of  Time  for  Wall  No.  63,  Nonreinforce 
Hollow  Clay  Tile  Interior  Wall  (Test  No.  05-28-71-02) 
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Section  7 

STATIC  TEST  PROGRAM 


INTRODUCTION 

In  conjunction  with  the  shock  tunnel  dynamic  tests,  a  static  test  program 
is  being  conducted  to  determine  the  quality  of  construction  of  the  test  items 
fabricated,  to  obtain  estimates  of  the  strength  of  specimen  walls  prior  to  the 
dynamic  tests,  and  in  the  future,  to  compare  the  properties  of  on-site  con¬ 
structed  masonry  with  similar  units  constructed  under  laboratory  conditions. 
Specific  static  test  specimens  were  constructed  for: 

1.  Physical  properties  of  the  mortar, 

2.  Bond  strength  of  mortar  to  masonry  units. 

3.  Flexural  and  compression  strength  of  masonry  assemblies. 

TEST  EQUIPMENT  AND  PREPARATION  OF  SPECIMENS  FOR  TESTING 

A  Soil  test  CT756  hydraulic  concrete  tester,  200,000  lb  capacity,  meeting 
ASTM  Specification  C-39,  was  used  for  statically  loading  the  test  specimens. 

All  beams  were  tested  for  flexural  strength  by  the  ASTM  standard  method  for  a 
simple  beam  with  third-point  loading  —  designation  C78-64.  A  diagram  of  the 
beam  in  place  for  testing  is  shown  in  Fig.  7-1. 

Deflection  of  the  beam  at  mid-span  was  measured  by  an  optical  displace¬ 
ment  follower,  by  a  dial  gage  or  by  a  LVDT  displacement  gage,  to  the  point 
of  failure.  Measurement  of  the  strain  to  failure  was  recorded  by  electrical 
strain  gages  at  a  top  and  bottom  mid-span  location  on  the  beam. 

The  mortar  cylinders  for  compression  tests  were  capped  with  either  sulphur 
or  plaster  of  paris  upon  removal  from  the  caidboard  molds.  An  SR-4  strain 
gage,  1/2-in.  long,  was  attached  to  the  curved  surface  of  some  of  the  cylinders 
to  record  a  load-vs-^train  curve  during  testing. 
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Fig.  7-1.  Simple  Beam  with  Third-Point  Loading 
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The  determination  of  the  splitting  tensile  strength 
was  obtained  from  the  remainder  of  the  mortar  cylinders 
as  described  in  ASTM  Designation  C496-64T.  The  load  was 
applied  along  the  length  of  the  cylinder  as  shown  in  the 
adjoining  sketch. 


The  masonry  assemblies  were  utilized  for  the  determination  of  composite 
compressive  strength  and  brick  and  mortar  shear  bond  strength.  The  specimens 
were  positioned  for  testing  as  shown: 


The  load  was  distributed  evenly  through  steel  plates  on  top  and  bottom  for  com¬ 
pressive  strength.  For  shear  bond  tests,  the  specimen  was  supported  on  soft 
wood  blocks  under  the  outer  bricks,  and  the  load  was  applied  through  a  wood 
block  resting  on  the  center  brick. 


The  tensile  bond  strength  of  mortar  to  brick  was  de¬ 
termined  by  crossed  brick  couplets  according  to  ASTM  Spe¬ 
cification  C321-64.  The  upper  brick  of  the  couplet  was 
supported  on  two  prongs  fastened  to  the  lower  platen  of 
the  tester.  The  upper  platen  rested  on  the  lower  brick 
of  the  couplet  via  two  prongs  as  indicated  in  the  adjoin¬ 
ing  sketch. 
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WALL  MATERIALS  AND  RESULTS 

Materials,  construction,  testing  and  data  analysis  techniques  associated 
with  brick  walls  are  described  in  Appendix  A  of  Ref.  5.  Figure  7-2  shows 
the  construction  of  the  brick  Deams .  Test  materials  were  purchased  from  a  com¬ 
mercial  supplier  and  were  representative  of  those  commonly  used  in  local  build¬ 
ing  construction.  A  Portland  cement  meeting  the  requirements  of  ASTM  Specifi¬ 
cation  for  Portland  Cement,  Type  I,  (designation  C150-66)  was  used  in  the  prep¬ 
aration  of  the  required  mortar  mixture  along  with  a  mason's  sand  from  the 
San  Francisco  Bay  Area.  No  analysis  of  the  sand  properties  was  performed. 

The  Type  "s"  mortar  mixture  was  proportioned  by  volume  (measurement  by 
on-site  construction  methods)  according  to  the  following:  1  part  Portland  ce¬ 
ment,  1/4  to  1/2  part  hydrated  lime,  and  4  parts  damp  loose  sand.  The  amount 
of  water  applied  to  each  batch  of  mortar  was  adjusted  to  produce  a  consistency 
that  could  be  conveniently  handled  by  a  mason.  To  obtain  measurements  of  com¬ 
pressive  and  of  splitting  strengths,  three  2-in. -diameter  by  4-in. -long  card¬ 
board  cylindrical  molds  were  filled  for  each  new  batch  of  mortar. 

All  the  walls  and  static  test  specimens  were  built  by  experienced  masons 
using  standard  construction  techniques.  The  walls  were  built  in  a  nonreinforced 
Flemmish  bond  pattern  with  "tie  bricks”  every  sixth  course. 

A  group  of  static  test  specimens  corresponding  to  each  wall  consisted  of: 

1.  Brick  and  mortar  beams  for  flexural  strength. 

2.  Mortar  cylinders  for  compressive  and  splitting  strength. 

3.  Masonry  assemblies  for  composite  compressive  and  shear  bond  strength. 

4.  Brick  and  mortar  couplets  for  tensile  bond  strength. 

5.  Single  bricks  for  modulus  of  rupture  and  compressive  strength. 

Uniform  Building  Code,  1967,  Article  2403. 
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Several  patterns  of  brick  and  mortar  beams  were  constructed.  The  side  and 
end  views  of  each  pattern  are  shown  in  Fig.  7-2  in  the  position  for  testing 
flexural  strength.  Patterns  D  and  E  are  identical  to  brick  patterns  A  and  B, 
respectively,  but  are  turned  90  degrees. 

The  mortar  joint  thickness  of  each  beam  was  approximately  3/8  in.  and  the 
nominal  dimensions  of  the  beams  were  26  in.  long,  8-1/2  in.  wide  and  8-3/4  in. 
high.  All  beams  were  built  in  a  horizontal  position  except  pattern  C  which  was 
built  in  a  vertical  position  (on  end).  Beam  C  was  patterned  and  built  in  the 
standing  position  to  simulate  a  vertical  element  of  the  dynamic  test  walls. 
After  construction,  five  tiers  of  bricks  were  stacked  on  top  of  the  beams  un¬ 
til  ready  for  testing. 

Two  batches  of  beams  were  built  in  the  laboratory  to  act  bb  a  control  for 
the  static  test  specimens  constructed  at  the  building  site.  The  beams  were 
constructed  with  the  same  materials  as  were  the  on-site  construction  beams 
but  the  measurement  of  mortar  materials  was  performed  more  accurately. 

The  masonry  assemblies  consisted  of  three  bricks  stacked  vertically  with 
a  mortar  bed  between  bricks.  The  average  dimensions  of  these  samples  were 
8-1/2  in.  long,  3-7/8  in.  wide  and  8-3/4  in.  high. 

The  walls  and  corresponding  static  test  samples  were  constructed  and 
stored  for  curing  in  the  underground  tunnel  complex,  where  the  mean  temperature 
for  July  is  53  to  60F  and  for  January,  45  to  56F.  The  mean  humidity  ranges 
from  75  to  85  percent. 

Brick  Kesults 

The  results  of  static  testing  of  samples  of  brick  construction  are  summar¬ 
ized  in  Table  7-1.  More  detailed  analysis  of  these  results,  and  some  addition¬ 
al  data  may  be  found  in  Appendix  A  of  Ref.  7-1. 
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Table  7-1  (cont 
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Clay  Tile 

The  structural  tile  walls  and  accompanying  beams  (identified  in  Table  7-1 
by  the  letters  "CT")  were  built  by  the  masons  who  built  the  brick  walls.  Test 
beams  and  walls  were  constructed  of  12  X  6  X  6  in.  structural  tile,  nonrein- 
forced,  with  3/8-in.  thick  type  "s"  mortar  joints.  Mortar  samples  were  col¬ 
lected  in  the  same  manner  as  for  brick  walls.  Before  testing,  clay  tile  walls 
and  test  specimens  were  cured  under  the  same  conditions  as  brick  walls,  i.e., 
at  approximately  50F  and  over  70  percent  relative  humidity. 

The  test  equipment  was  the  same  as  used  for  earlier  brick  specimen  test¬ 
ing,  although  deflection  was  measured  on  a  dial  gage  instead  of  the  optical 
Ci-splacement  follower  formerly  used.  Figure  7-3  shows  the  loading  patterns 
for  clay  tile  beams.  No  strain  gages  were  installed  on  any  of  the  test  speci¬ 
mens  Mortar  samples  were  tested  in  compression  only. 

Clay  Tile  Results 

Six  beams  were  tested  for  flexural  strength.  The  first  beam  failed  at  an 
off  center  mortar  joint,  allowing  testing  of  the  remnant  as  a  three-tile  beam 
which  proved  much  stronger  than  any  of  the  four-tile  beams.  The  remaining 
beams  failed  on  center  at  forces  low  enough  to  render  the  data  highly  uncer¬ 
tain.  There  were  no  failures  of  the  tiles  themselves,  as  bonding  between  the 
mortar  and  the  relatively  smooth  surfaces  of  the  tiles  proved  to  be  very  poor. 
Consequently,  the  data  shown  in  Table  7-1,  relative  to  clay  tile  walls,  should 
be  taken  more  as  an  indicator  that  these  walls  were  </ery  weak  in  flexure  rather 
than  as  a  mathematically  precise  indicator  of  their  relative  strength. 

Concrete  Block 

Concrete  block  walls  were  built  in  two  configurations: 

1.  With  window  openings,  and 

2.  To  be  used  behind  a  nonfailing  wall  with  an  opening 
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to  simulate  interior  walls.  The  dimensional  limitations  of  the  Soiltest  CT756 
hydraulic  concrete  tester  precluded  use  of  the  fuDl  size  concrete  blocks  in 
test  beams,  so  half-size  blocks,  also  used  in  wall  construction,  made  up  the 
test  beams.  These  are  identified  in  Table  7-1  by  the  letters  "CB." 

Concrete  Block  Results 

As  with  the  clay  tile  beams,  mortar  adhesion  to  the  concrete  blocks  was 
very  poor,  and  flexural  strength  was  very  low.  In  fact,  blocks  broke  off  two 
of  the  beams  tested  before  testing  began.  Again,  the  values  associated  with 
flexural  strength  should  be  regarded  as  qualitative,  rather  than  quantitative, 
indicators.  Figure  7-4  shows  the  loading  pattern  for  concrete  block  beams. 

CRACK  GAGE  TESTS 

During  the  static  test  program,  additional  research  was  conducted  on  vari¬ 
ous  crack  gages.  Failure  of  the  downstream  side  of  the  wall  in  tension  results 
in  cracking,  which  has  been  detected  during  the  course  of  the  tests  reported 
here  by  means  of  the  aluminum  foil-epoxy  gage  system  shown  in  Fig.  7-5.  As 
shown,  the  opening  of  the  crack  gage  reduces  the  input  voltage  to  zero.  The 
epoxy  used  (Adhesive  Engineering  Type  1180)  is  brittle;  hence  the  crack  propa¬ 
gates  through  the  foil  and  epoxy  without  allowing  the  foil  to  stretch  signifi¬ 
cantly.  (If  the  foil  did  stretch  significantly,  the  recorded  time  of  crack  oc¬ 
currence  would  be  deliyed.) 

If  the  epoxy  failed  to  bond  to  the  .  oil  properly  in  the  region  of  the 
crack,  a  delay  could  occur.  In  addition,  the  narrow  strips  of  foil  are  diffi¬ 
cult  to  handle  and  install,  and  once  installed,  impossible  to  repair.  Conse¬ 
quently,  some  recent  effort  has  been  devoted  to  resolve  any  questions  about 
the  foil  gages,  and  to  develop,  if  possible,  superior  alternatives.  The  type 
of  gages  conside-ed  are  shown  in  Table  7-2;  the  last  three  of  these  are  known 
to  be  superior  crack  indicators. 

The  gages  under  tests  were  mounted  on  two  types  of  test  specimens:  brick 
piers  consisting  of  three-brick  assemblies,  user’  for  shear  bond  tests  in  the 
static  test  program,  and  brick  beams  (see  Fig.  7-6).  These  assemblies  were 
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Table  7-2 

CRACK  GAGE  TYPE 

GAGE  TYPE 

CONSTRUCTION 

1 

Aluminum  foil  on  0.1  in.  epoxy,  covered  by 
0.04  in.  epoxy 

2 

Silver-conducting  paint  on  epoxy 
Silver-conducting  point  on  Krylon® 
Silver-conducting  paint  on  Varathane''-' 

3 

4 

Side  View 


View  of  Underside  of  Test  Specimen 


Epoxy- Silver  Paint 


Epoxy- Alum  Foil 


Krylon-Silver  Paint 
Krylon- Silver  Paint* 

^  Crack  Gages 

*  Where  second  krylon-silver  paint  gage  is  tested, 
the  outer  gage  is  1/8"  wide,  the  inner,  1/2"  wide. 

Fig.  7-6.  Crack  Gage  Test  Conditions  (brick  "pier"  shown) 


Loading  Ram 

n 


Supports 
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loaded  hydraulically  to  failure  as  described  previously,  and  the  hydraulic 
pressure  was  closely  monitored.  An  abrupt  reduction  in  the  hydraulic  load 
gives  an  indication  of  the  time  of  failure  of  the  test  specimen;  that  is,  the 
time  the  specimen  first  cracks.  Therefore,  this  time  should  closely  corre¬ 
spond  to  the  point  at  which  the  crack  gages  open. 

’  The  first  three  tests  were  in  conjunction  with  the  horizontal  brick  piers 


in  bending  with  the  pier  and  crack  gages 

mounted  as 

shown  in  Fig. 

are  shown  in  Table  7-3 . 

Table 

7-3 

RESULTS  FROM 

BRICK  PIER  TESTS,  TIMES 

FROM  T  (msec) 
P 

GAGE  TYPE 

1&&.L  HU, 

1 

2 

3 

1 

0* 

0.85 

0.35 

2 

-0.6 

-150.5 

-0.2 

3 

+0.6 

-0.125, 

+0.22** 

2.13 

No  signal  from  the  hydraulic  system  was  recorded 

for  this  test,  hence,  no  T  time  is  available. 

P 

This  time  is  for  the  narrow  gage.  Two  type  2  gages 
were  made.  The  first  time  is  for  a  gage  about  1/4 
in.  wide;  the  second  for  a  gage  about  1/8  in  wide. 


Note  that  gage  type  1,  for  this  small  number  of  tests,  appears  to  exhibit 
very  uniform  results.  Since  these  gages  were  mounted  along  the  center  line  of 
the  test  specimen,  it  is  difficult  to  tell  i."  this  apparent  consistency  is  the 
result  of  gage  consistency,  or  whether  the  specimen  may  be  considered  to  have 
failed  when  the  crack  propagated  across  its  center  line.  The  type  3  gage  which 
failed  early  in  the  second  test  was  mounted  across  an  area  of  poor  brick-to- 
mortar  bonding.  This  early  gage  failure,  then,  may  be  an  indication  of  fail¬ 
ure  of  a  section  with  little  or  no  structural  significance.  (There  was  no 
abrupt  pressure  change  at  this  time.) 

The  next  series  of  tests,  conducted  with  beams,  contained  one  data  point 
in  which  such  a  pressure  change  was  discernible  prior  to  "ultimate"  failure. 
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During  this  test,  partial  failure  of  che  beam  was  audible  some  time  before  "ul¬ 
timate”  failure.  Playback  showed  a  pressure  drop  at  -  1037  msec,  an  initial 
indication  from  the  gage  (2)  involved  at  -  1037.2  msec  (in  the  form  of  a 
short  duration  spike),  and  final  opening  of  the  gage  at  -  1014  msec.  After 
the  initial  pressure  drop,  the  pressure  gradually  rose  to  its  original  maximum 
value,  possibly  exceeding  it  slightly,  after  which  the  complete  failure  of  the 
beam  occurred.  Gage  mounting  was  like  that  in  the  pier  tests,  except  that  both 
the  span  under  test  and  the  crack  gages  were  much  longer. 

Table  7-4  shows  the  results  of  the  beam  tests.  Here,  the  silver-painted 
gages,  whether  over  epoxy  or  over  Varathane  appear  to  be  slightly  superior  to 
the  foil  in  small  scale  tests. 


Table  7-4 


RESULTS  FROM 

BRICK  BEAM 

TESTS,  TIMES 

FROM  T  (msec) 
P 

GAGE  TYPE 

iboi  «u. 

1 

2 

3 

i 

-2.7 

0.8 

1.1 

2 

1.1 

-1037.1 

(-1014)* 

-0.62 

3 

2.7 

-0.4 

1  .1 

4 

3.0 

1.5 

5.4 

* 

Final  gage  opening. 


The  drop  in  hydraulic  pressure  was  too  gradual  to  give  precise  indication 
(over  the  desired  time-span)  of  test  specimen  failure;  hence,  there  is  uncer¬ 
tainty  in  time  T^  which  is  large  compared  to  the  observed  differences  between 
gages.  The  small  time  differences  observed  between  gages  in  a  situation  in 
which  loading  is  applied  very  slowly  are  encouraging,  as  is  the  fact  that  the 
gages  open  at  minus  times  nearly  as  often  as  they  do  at  plus  times. 

It  appears  that  any  of  the  crack  gage  systems  under  consideration  will 
serve  the  desired  purpose;  that  is,  they  will  give  an  indication  of  local 
structural  failure  at  a  time  close  to  when  that  failure  occurs.  The  errors  in 
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timing  that  may  result  due  to  slight  errors  in  gage  bonding  appear  to  be  small 
in  comparison  to  possible  crack  propagation  times  in  slowly  loaded  specimens. 
Where  clean  breaks  are  observed  in  test  gages,  delay  times  are  short.  Care  in 
gage  installation  appears  to  be  a  more  rigid  requirement  than  selection  of  a 
specific  gage  type  from  within  those  considered  here. 
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